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CHAPTER I
INTRODUCTION

Physical Properties of Cotton
Cotton is an indeterminate perennial plant that is grown in agricultural production
systems as an annual crop (Chaudry and Guitchounts 2003). A mature cotton seed has
two ends, the micropyle and the chalaza. The chalaza is responsible for intake of water
and the radicle will emerge from the micropyle. The radicle will produce a hypocotyl
which moves through the soil to the surface and pulls cotyledons out of the soil. This
generally takes 4 to 14 days after planting with soil temperatures above 18 ˚C (Buchanan
2004).
Once cotton seedlings emerge, the cotyledons provide nutrients for the plant in
early growth stages. Cotyledon leaves are lobed and are opposite from each other on the
plant and detach from the main stem within 30 to 40 days (Chaudry and Guitchounts
2003). The first true leaf develops within one week of emergence after which time
nutrient uptake shifts from stored materials to photosynthesis. This will then give rise to
vegetative and reproductive growth (Buchanan 2004).
The radicle that originally emerged from the seed will become a taproot and will
produce lateral roots. The majority of the roots are in the first three feet of soil with root
growth peaking during flowering (Buchanan 2004).
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The first vegetative structures that form on a cotton plant are main stem leaves
and lateral branches (Buchanan 2004). Branches are attached to the main stem at nodes.
Vertical nodes generally develop every three days. The branch-like structure that
attaches the leaf to the stem is a petiole. Cotton develops two types of branches:
sympoidal and monopodial. The monopodial (vegetative) branches are erect branches
that grow very straight and depending on cultivar, plant density, insect and disease
pressure, and fertility level produce fruiting branches. The sympodial (fruiting) branches
give rise to floral buds, which are where reproduction occurs, and generally develop on
node five or six. The sympodial branches have a zig-zag pattern with floral buds
developing at the zig-zags. These zig-zag type branches develop on the stem in an
alternating fashion called 3/8th alternate phyllotaxy meaning that a new sympodial branch
develops 3/8ths of a turn around the stem from the previous one. New sympodial
branches develop every three days 3/8ths of a turn from the previous branch and floral
buds develop along the branches every six days in the zig-zag pattern. Floral buds are
surrounded by leaf bracts called an epicalyx. Floral buds go through several stages prior
to producing a flower. These stages include: pinhead square, match-head square, and
candle. Once a flower bud candles, a white flower will emerge in a matter of days.
White flowers can give an indication of maturity. When plants first begin to flower, there
will be approximately 9 to 10 nodes above white flower to the terminal growing point
under optimum growing conditions. As a plant matures, this number will decrease and
reaches cutout when 5 nodes above white flower are present. Cutout is a term used to
describe the point in which a cotton plant puts all of its energy into producing fruit and
at/after cutout, no more harvestable fruit is set. A white flower will become a darker pink
2

color in 2 to 4 of days due to pollination and within a week will dry up. This dried up
purple flower will either fall off, or remain on the plant as a bloom tag.
As flowers form and develop, they are pollinated and produce bolls. Boll
formation takes place in three phases (Buchanan 2004). The first stage is enlargement in
which fibers are developed and maximum boll volume is attained. Fibers produced in the
enlargement stage are thin and are sensitive to environmental conditions during
development. The second stage of boll formation is filling in which cellulose is
deposited into the fiber. The final stage of boll development is boll maturation at which
time maximum boll and fiber size are reached. During this stage, the capsule walls begin
to dry and cells shrink unevenly which causes carpel walls to split and causes bolls to
open.
History of Cotton Production
The English word “cotton” is thought to have originated from the Arabic word
qutun or al qatan which means Spanish flax (Brown and Ware 1958; Chaudry and
Guitchounts 2003). The first usage of cotton by man is unknown due to use preceding
written records. The first records of cotton textiles in the world date back as far as 3000
B.C. at Mohenjo-daro located in western Pakistan along the Indus River. Ancient writers
described cotton as little wild trees on which wool grew. India was well known for
cotton production and used it to make clothes. During ancient times, India was the center
of the cotton industry (Brown and Ware 1958). Cotton was introduced to North America
by Europeans. Settlers in southern colonies needed a textile crop that was suitable for the
southern climate. Different types of cotton were grown in different areas due to species
3

introduction by colonists, natural selection, and climates (Brown and Ware 1958;
Chaudry and Guitchounts 2003).
Cotton is a member of the Malvaceae family and the genus Gossypium (Brown
and Ware 1958; Chaudry and Guitchounts 2003). However, there are four different
species of cotton that are grown world-wide. The “New World” species are G. hirsutum
and G. barbadense; “Old World” species are G. arboretum and G. herbaceum. The two
most commonly cultivated species are the two “New World” species with G. hirsutum or
upland cotton being most prevalent. Within these two species, there are several types of
cotton. Types of G. barbadense are: Egyptian, Sea Island, Pima, and Tangüis cotton.
During the 1600s and early 1700s, North American colonies grew mainly upland cotton
(Brown and Ware 1958). In order to make cotton lint usable, the lint must be separated
from the seed. During this time, cotton lint was picked from the seed by hand and the
separation of the two was a very slow process. Producers in India used a machine called
a churka that was a type of gin with a roller and metal spikes that aided in separating lint
from seed. This machine worked well with smooth seeded, long staple cotton such as
Egyptian and Pima. However, with upland cotton this machine did not adequately
separate lint and seed (Supak et al. 1992). About one pound of lint could be picked from
the seed by a single man in a day which equated to taking nearly two years to pick
enough lint to make a bale of cotton (Brooks 1911). However, in 1793 Eli Whitney
invented the cotton gin. Whitney noted the need for faster processing of upland cotton
and received a patent for the cotton gin on March 14, 1794 (Tompkins 1901). The
method for operating this gin was to take several handfuls of cotton and place in gin and
turn a cylinder by hand in which metal spikes brushed the cotton separation the seed and
4

lint (Supak et al. 1992). With the invention of the gin and later improvements,
production and exports dramatically increased. Exports increased from 91,716 bales in
1800 to 3,127,568 bales in 1860 (Brown and Ware 1958). By the time of the Civil War,
the “Cotton Belt” which included Missouri, Louisiana, Mississippi, Alabama, Arkansas,
Texas, and Florida, accounted for more than half of the world supply of cotton (Supak et
al. 1992).
The boll weevil (Anthonomus grandis) crossed into the United States from
Mexico near Brownsville, Texas in 1892 (Brown and Ware 1958). The boll weevil was a
devastating pest for which several management strategies were devised. These strategies
included: planting early, residue destruction, planting in less humid areas, and trap
cropping (Isely 1934). The first chemical control for the boll weevil was calcium
arsenate, which was a dust that was applied in four-to five-day intervals and was
eventually applied by airplane (Coad 1918; Coad and Cassidy 1920). In 1958, the
National Cotton Council began efforts to eradicate the boll weevil (Perkins 1982). With
the introduction of pyrethroid insecticides in 1978 and use of pheromone traps,
eradication programs were developed to eliminate this pest. Today, the boll weevil has
been suppressed making cotton production successful (King et al. 1996).
During the boll weevil crisis, the first mechanical cotton picker was developed.
Stripper designs were first used due to being simple and inexpensive to operate. In 1947,
98% of cotton was hand harvested; however, by 1970, 98% of all cotton was machine
harvested in the United States. During this same time there was a switch from hand labor
to chemical weed control and animal powered equipment to tractors (Smith 1950; Supak
et al. 1992). After World War II, greater attention was given to proper fertilizer and
5

herbicide rates. In 1976, chemical weed control could save up to $11.87 per hectare
compared to hand-hoeing (Abernathy 1981). In the 1970s, integrated pest management
programs were also implemented, which combined cultural practices with chemical
practices (Bridge and Meredith 1983). Plant growth regulators were also introduced at
this time, which helped control plant size, enhance earliness, and hasten boll-opening.
Along with mechanical and chemical innovations in the 1970s, genetic improvements
were made to cotton which produced different cultivars for different areas. In Mississippi
from 1910 to 1979, yields increased about 8.5 kg/ha per year due to cultivar discoveries.
Demand and production of cotton in the United States has fluctuated (Supak et al.
1992). The amount of hectares decreased dramatically from nearly 25 million acres in
1940 to only about 5 million hectares in 2012 (NASS 2013). In 1988, cotton had
decreased to only accounting for 32% of United States fiber consumption. The decrease
of hectares in Mississippi has also followed this trend decreasing from just over one
million hectares in 1940 to 191,900 in 2012.
As the amount of hectares planted in cotton has decreased in the U.S., yields have
increased (NASS 2013). Though cotton fibers have advantages for use over man-made
fibers, price and convenience can hinder expanded uses of cotton (Supak et al. 1992).
Cotton Weed Control
Cotton is a slow emerging plant and cannot quickly outcompete weeds for
sunlight (Buchanan 1992). In some cases, cooler weather will occur in early growth
stages and will slow cotton growth giving it a competitive disadvantage with weeds. If
weeds are not properly controlled, they can reduce yields through competition for
6

nutrients as well as harboring diseases and insects that can harm the plant (Chaudry and
Guitchounts 2003).
In temperate climates, there are three major classifications of weeds which
include annuals, biennials, and perennials (Klingman 1961). Annual weeds have a life
cycle of less than one year. These weeds produce an abundance of seed and tend to grow
quickly, reproduce, and die. Annuals are divided into two groups: summer annuals and
winter annuals. Summer annuals germinate in the spring, grow in the summer, and die in
the winter. Some examples of summer annuals are common cocklebur (Xanthium
strumarium var. glabratum (DC.) Cronquist), Palmer amaranth (Amaranthus palmeri S.
Wats.), and common lambsquaters (Chenopodium album L.). Winter annuals germinate
in the fall and winter, mature in spring, and die before the summer. Some examples of
winter annuals are: henbit (Lamium amplexicaule L.), shepherd’s-purse (Capsella bursapastoris (L.) Medik), and cheat (Bromus secalinus L.). A biennial plant is a plant that
lives for more than one year but not for two years. Some examples of this type of weed
are bull thistle (Cirsium vulgare (Savi) Ten.), common mullein (Verbascum thapsus L.),
and burdock (Arctium minus Bernh.). Perennial plants are plants that live more than two
years and may live indefinitely. Perennials are divided into two types: simple and
creeping. A simple perennial only spreads by seed. These plants have large roots and if
injured or cut, can produce two new plants. Some examples of simple perennials are
dandelion (Taraxacum officinale G.H. Weber) and buckhorn plantain (Plantago
lanceolata L.). A creeping perennial grows and spreads by producing above ground
creeping stems and below ground rhizomes. Some examples of creeping perennials
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include johnsongrass [Sorghum halepense (L.) Pers.], bermudagrass [Cynodon dactylon
(L.) Pers.], and field bindweed (Convolvulus arvensis L.).
Weed control can be accomplished by cultural, mechanical, biological, and
chemical methods (Buchanan 1992). The most commonly practiced methods are
cultural, mechanical, and chemical. Cultural methods of weed control include: cultivar
selection, seed-bed preparation, planting date, plant spacing, seeding depth, and rotation
practices. Mechanical methods of weed control utilize devices such as hoes, cultivators,
harrows, discs, and plows (Klingman 1961). These devices suppress weeds by burying
them, disturbing their root system, and cutting off the growing point.
Due to convenience and safety, chemical control is an extremely common
method for weed control (Buchanan 1992). Herbicides have different modes of action
which are the pathways or methods in which the herbicide kills a plant (Buchanan 1992;
Chaudry and Guitchounts 2003). Contact herbicides are divided into selective and
nonselective groups (Klingman 1961). Contact herbicides kill the plant parts that receive
adequate coverage from a given herbicide. There is usually little to no translocation of
these herbicides within the plant and the plant is injured quickly. Contact herbicides can
be further divided into selective and non-selective herbicides. Selective herbicides are
toxic to certain plants but result in little to no injury on other plants. Non-selective
herbicides are toxic to all plants they contact. Systemic herbicides are absorbed and
translocated within plant species. These herbicides can be absorbed by either above or
below ground parts of the plants. Systemic herbicides also differ from contact herbicides
in that they have a chronic effect in which the injury may develop over a longer period of
time.
8

Palmer amaranth
Palmer amaranth is a member of the Amaranthaceae family (Bryson and Deflice
2009). This species has spread across the southern United States, stretching from the east
to the west coast and has quickly become one of the most problematic weeds in the
southern region due to its highly competitive nature (Chaudry and Guitchounts 2003;
Klingman and Oliver 1994). This weed was not spread outside of its original range until
the early 20th century (Culpepper et al. 2010a; Sauer 1957). Surveys show that in 1974
Palmer amaranth was not a troublesome weed in the south. However, by 1995, Palmer
amaranth was the most troublesome weed of cotton in the Carolina states and by 2009
was the most troublesome weed in cotton in the United States (Dowler 1995; Webster
and Coble 1997). Palmer amaranth has been by far the most successful invader of
artificial habitats (Sauer 1957). Palmer amaranth is native to the Sonoran desert which
helps it adapt to the heat of the southern U.S. Palmer amaranth thrives in extremely hot
and dry conditions due to its extensive root system and its ability to fix carbon efficiently.
The photosynthetic rate of Palmer amaranth is nearly twice that of cotton (Sosnoskie et
al. 2011). The spread of Palmer amaranth is in part due to its prolific seed production
and ability to pollinate plants over great distances. Palmer amaranth can produce up to a
million seeds per plant given optimum growing conditions. Palmer amaranth can
pollinate plants up to 300 meters away from the parent plant and produce viable offspring
(Sosnoskie et al. 2011). With all of these physical properties and extensive ability to
spread, Palmer amaranth has become one of the most economically damaging
glyphosate-resistant weed species in the United States (Beckie 2006). In Texas, Palmer
amaranth caused up to 59% cotton lint loss with season long interference (Morgan et al.
9

2001). Cotton yield loss due to Palmer amaranth can depend heavily upon when and how
long the crop is exposed to the weed. Data has shown that there was a significant yield
loss in cotton when Palmer amaranth was exposed to three to nine leaf cotton as opposed
when exposed to cotton in the 12 to 17 leaf stage of cotton (MacRae et al. 2008). Cotton
exposed to Palmer amaranth for the first 35 days after emergence caused losses up to
20%. When exposed up to 63 days after cotton emergence, losses were as high as 70%
(Fast et al. 2009).
Physical Properties of Palmer amaranth
Seedling Palmer amaranth has a red/green hypocotyl that is glabrous to very
lightly pubescent with cotyledons that are green and glabrous. As Palmer amaranth
matures, it develops an extensive taproot with supporting fibrous roots (Bryson and
Deflice 2009). Palmer amaranth can grow up to 2 meters tall with many lateral branches
and at times be red in color. Palmer amaranth has extremely long petioles (Sauer 1955)
that give rise to long egg-shaped leaves with prominent veins and can often have Vshaped water marks at the leaf tip (Bryson and Deflice 2009; Hager 2012). The petioles
of this weed are often longer than the leaf blades which are in an alternating pattern
(Sauer 1955). Palmer amaranth is a dioecious plant in which male and female flowers
occur on different plants, female plants have larger bracts and larger sepals (Bryson and
Deflice 2009). Female plants feel rougher due to the prickly stiff bracts (Sauer 1955).
Female plants are pollinated by male plants and can produce up to one million seeds per
plant with an inflorescence up to 0.5 m tall (Sosnoskie et al. 2011). Depending on the
time of year and density, the amount of seeds produced will vary. Plants that emerge in
March and June regularly produce over half a million seeds per plant without
10

competition. However, plants emerged between July and October produced less than
80,000 seeds per plant on average (Keely et al.1987). The seed produced from the bract
is a smooth, black, disc-shaped seed that is gravity dispersed from the parent (Sauer et al
1955). Not only do these plants produce abundant amounts of seed and are very
competitive, but they have a very unique ability. Palmer amaranth has the ability to
orient their leaves to become perpendicular to the rays of the sun. This solar tracking is
called diaheliotropism allowing maximum light interception (Ehleringer and Forseth
1980). Not all Amaranthus species have this ability. When compared to waterhemp,
redroot pigweed, and tumble pigweed, Palmer amaranth produced 32% to 83% more dry
biomass weight (Horak and Loughin 1995).
Herbicide resistance
Due to heavy glyphosate applications in the late 1990s and early 2000s,
glyphosate-resistant Palmer amaranth has become problematic (Green 2009).
Glyphosate-resistant Palmer amaranth was first reported in Georgia in 2005 and by 2009
was estimated to cover 687,965 hectares (Heap 2012; Nichols et al. 2009). However,
EPSPS inhibitors are not the only mode of action (MOA) that Palmer amaranth has
become resistant to. There are four other MOAs to which Palmer amaranth has developed
resistance which include: dinitroaniline, triazine, ALS herbicides, and HPPD herbicides
(Burgos et al. 2001).

Glyphosate-tolerant and glufosinate-tolerant systems have become

popular; however, additional solutions for glyphosate-resistant Palmer amaranth are
needed. Growers have been overlapping residual herbicides in order to achieve adequate
Palmer amaranth control (Culpepper 2009). Development of 2,4-D and dicamba tolerant
crops is currently underway. Monsanto is currently developing the Bollgard II®
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XtendFlex™ technology with a target launch date in 2015 (Culpepper et al. 2010). The
Bollgard II® XtendFlex™ system will allow for postemergence applications of
glyphosate, glufosinate, and dicamba and will provide producers an additional mode of
action for control of glyphosate-resistant Palmer amaranth.
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CHAPTER II
EFFICACY OF PREEMERGENCE HERBICIDES ON GLYPHOSATE-RESISTANT
PALMER AMARANTH IN BOLLGARD II® XTENDFLEX™ COTTON

Application Methods
Depending on the crop and target weed, different herbicide application timings
are utilized (Klingman 1961). Three primary herbicide application timings include:
preplant, preemergence (PRE), and postemergence (POST). Preplant applications are
made before a crop is planted and before weeds have emerged. In some cases, preplant
applications need incorporation to be effective. Incorporation is the act of incorporating
the herbicide into the soil profile and can be done mechanically or by rainfall.
Preemergence applications are made before emergence of a crop, weed, or both.
Postemergence applications are made after the emergence of a crop, weed, or both.
Depending on the situation, there are various methods of pesticide application.
Broadcast applications consist of a blanket application in which all of the area gets
treated the same (Klingman 1961). Broadcast applications treat the entire area including
area where no crop is planted such as the row middles. Banded applications are applied
in a narrow strip that is sprayed directly over or in the row where a crop is planted
leaving the row middles nontreated. Directed spray applications occur when only a
certain portion of the plant and/or row receive herbicide application. This type of
application is usually performed with a post-directed applicator in which only the bottom
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of the plant comes in contact with the herbicide. Shielded or a hooded booms are also
used to spray in between the rows of plants.
Introduction of Preemergence Herbicides
Fomesafen
Fomesafen is a member of the diphenylether family (Senseman 2007).
Fomesafen is a part of the protoporphyrinogen Oxidase (PPO) class of herbicides and
acts in the plant by inhibiting the oxidation of protoporphyrinogen IX to protophorphyrin
IX. This inhibition leads to lipids and proteins being attacked which will cause a loss of
chlorophyll and result in the drying and disintegration of plant cells. Fomesafen is
considered somewhat mobile in soil and can be absorbed by plants through the roots and
is primarily transported through the xylem of the plant (Senseman 2007; Shumway and
Scott 2006).
Fomesafen can be applied to cotton as a preplant application, preemergence
application, layby application, or a shielded application and provides control of several
broadleaf and grass weeds (Anonymous 2013a). Fomesafen cannot be applied as a POST
application as cotton is not tolerant to this herbicide, and fomesafen application will
cause unacceptable injury. When applying fomesafen preplant or PRE, application rates
range from 0.28 and 0.42 kg ha-1 and should not exceed 0.42 kg ha-1 per year.
Preemergence applications of fomesafen are not recommended on medium-or finetextured soils due to the possibility of severe injury. Fomesafen can be applied up to 21
days prior to planting cotton. Like all PRE herbicides, fomesafen needs adequate
incorporation to be effective in controlling weeds. In addition, cotton injury can occur
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due to rain splashing fomesafen-treated soil onto the leaves; however, injury is usually
not significant and transient in nature.
Fomesafen applied PRE in cotton systems with pendimethalin and S-metolachlor
provided 78 and 84% control of Palmer amaranth, respectively, 30 days after application
(Whitaker et al. 2010). Fomesafen applied PRE followed by glyphosate POST provided
up to 90% control three weeks after POST application to populations containing
glyphosate-resistant and glyphosate-susceptible Palmer amaranth (Ahmed and
Holshouser 2012). These data highlight the importance of residual herbicides and the
importance of PPO inhibitors for control of glyphosate-resistant Palmer amaranth
(Everman et al. 2009). However, fomesafen applied PRE may severely damage cotton
(Main et al. 2012). When early-season rainfall occurs, damage is increased as opposed to
when dry conditions are prevalent. Rates of 0.84 kg ha-1 resulted in 12 to 45% necrosis
due to early season rainfall. However, rates less than 0.49 kg ha-1 resulted in less than
10% injury midseason. When rates exceeded 0.35 kg ha-1, plant stands of cotton were
reduced up to 28%.
Fluometuron
Fluometuron is a member of the phenylurea family (Senseman 2007).
Fluometuron is a part of the photosystem II inhibitor class of herbicides. Fluometuron
acts by blocking electron transport, stopping CO2 fixation, and ceasing the production of
ATP and NADPH2, which are needed for plant growth. Hydrogen is abstracted from
unsaturated lipids which produce a lipid radical. These radicals attack lipids and proteins
which cause the release of chlorophyll and leads to desiccated and disintegration of cells
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(Senseman 2007; Shumway and Scott 2006). Fluometuron is readily absorbed by roots
and is translocated through the xylem to the shoots (Senseman 2007).
Fluometuron can be applied in cotton preplant, PRE, and POST (Anonymous
2013b). Fluometuron may be applied PRE at 1.12 to 2.24 kg ha-1, depending on the soil
texture, sandy soils should receive lower rates and clay soils should receive higher rates.
No more than 3.36 kg ha-1 may be applied per year. Plant back restrictions following
fluometuron application is nine months for corn (Zea mays L.) and soybeans (Glycine
max (L) Merr.) Plant back is referring to the act of planting a different crop in the same
area the following year. In addition, incorporation is necessary following fluometuron
application to be fully effective.
Extensive previous research on fluometuron applied PRE has been published
(Porterfield et al. 2002). Fluometuron PRE provided greater than 90% Palmer amaranth
control. Fluometuron applied PRE provided up to 97% control of Palmer amaranth 14
days after treatment when included in a glyphosate system. A glyphosate system would
be one containing glyphosate-tolerant crops (Scroggs et al. 2007). Fluometuron typically
performs as well as or better than many other PRE herbicides for Palmer amaranth
control (Price et al. 2008). Cotton yield increases have also been shown when using
fluometuron. Fluometuron increased cotton yields in glyphosate systems 32 to 36% (Riar
et al. 2011; Scroggs et al. 2007). Yield increases following fluometuron application are
primarily due to reduced weed populations and competition when compared to other
herbicide treatments.
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Acetochlor
Acetochlor is a member of the acetanilide family (Senseman 2007). Acetochlor is
a part of the mitosis inhibitor class of herbicides. Acetochlor acts by inhibiting
polymerization of microtubules on the assembly end resulting in a loss of microtubule
structure and function. This causes the spindle apparatus to be absent and prevents the
alignment and proper separation of chromosomes during mitosis.
Acetochlor is sold as an encapsulated herbicide and can be applied to cotton at
1.05 to 1.68 kg ha-1 in a single application not to exceed 3.36 kg ha-1 per growing season
(Anonymous 2013c). Little information is available on acetochlor PRE in cotton (Riar et
al. 2012). Acetochlor PRE has been shown to have residual activity on Palmer amaranth.
At a rate of 1.26 kg ha-1, acetochlor can provide up to 88% control 14 days after
application. At 2.52 kg ha-1, acetochlor provided up to 97% control 14 days after
application.
Prometryn
Prometryn is a member of the triazine family (Senseman 2007). Prometryn is a
part of the photosystem II inhibitor class of herbicides. Prometryn acts by blocking
electron transport and stops CO2 fixation and ceases production of ATP and NADPH2,
which are needed for plant growth. Hydrogen is abstracted from unsaturated lipids which
produce a lipid radical. Like all photosystem II herbicides, the radical drains the cell of
cellulose, resulting in cell death. (Senseman 2007; Shumway and Scott 2006).
Prometryn is readily absorbed by roots and foliage and is translocated in the xylem
(Senseman 2007).
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Prometryn can be applied preplant, PRE, or POST in cotton. Prometryn will
provide selective control of some annual broadleaves and grasses. Prometryn application
rates when applied PRE are dependent upon soil texture and location. Locations in the
hills of Mississippi allow for application rates up to 2.24, 2.69, 3.14 kg ha-1 on sandy
loam, silt and clay loam, and clay soils, respectively. In the Mississippi Delta,
application rates ranges from 2.24 to 2.69, 3.14 kg ha-1 on sandy loam and clay loam
soils, respectively. Application of prometryn is not allowed on Sharkey clay soils in the
Delta due to the risk for injury of the cotton. Adequate rainfall and moisture is required
for prometryn to be fully effective (Anonymous 2013d).
Prometryn provided 70 to 79% control of Palmer amaranth three weeks after
application (Whitaker et al. 2011). Prometryn is often used in POST-directed
applications and is generally tank-mixed with other herbicides such as glyphosate
(Whitaker et al. 2011; York and Culpepper 2009). Prometryn plus glufosinate in a
POST-directed application provided less than 85% control of Palmer amaranth when no
PRE herbicide was used. This illustrates the importance of effective PRE applications as
the same POST and POST-directed applications provided 90 to 100 percent control when
a PRE was used (Everman et al. 2009).
Dicamba
Dicamba is a member of the benzoic acid family and is a part of the synthetic
auxin class of herbicides (Senseman 2007). Dicamba acidifies the cell wall and increases
activity of membrane-bound ATPase proton pumps. The change in pH causes cell
elongation, which leads to cell wall loosening and vascular tissue destruction. When high
concentrations of an auxin herbicide are present, cell division and growth are inhibited as
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well as increased ethylene concentrations, which produce epinastic symptoms. Dicamba
is readily absorbed by leaves, roots, and stems and is transported through the xylem and
phloem.
Historically, dicamba could only be applied preplant in cotton for control of
annual, biennial, and perennial broadleaves. Dicamba can be applied up to 0.28 kg ha-1
preplant in cotton at least 21 days before planting and be followed by at least 2.5cm of
rainfall prior to planting (Anonymous 2013e). Due to dicamba being weakly adsorbed to
soil, applications should not be made in erodible or soils highly conducive to leaching
(Anonymous 2013e; Senseman 2007). Dicamba will persist much longer in conditions of
low rainfall and moisture (Senseman 2007).
Little research is available on residual control of Palmer amaranth with dicamba.
Johnson et al. (2010) observed dicamba PRE provided as low as 60% control of Palmer
amaranth. However, different weather patterns could have caused varying data because
dicamba presence is dependent on moisture levels (Senseman 2007).
Efficacy of preemergence herbicide programs efficacy on Palmer amaranth have
been investigated. However, research is lacking where an abundance of glyphosateresistant Palmer amaranth exists in cotton, especially when implementing dicamba in the
programs. Glyphosate-resistant Palmer amaranth was first reported in Georgia in 2005
and by 2009 was estimated to cover 687,965 hectares (Heap 2012; Nichols et al. 2009).
However, EPSPS is not the only mode of action (MOA) that Palmer amaranth has
become resistant to. There are four other MOAs which include: dinitroanilines, triazines,
ALS herbicides, and HPPD herbicides (Burgos et al. 2001). With the continued spread of
glyphosate-resistant Palmer amaranth, and the introduction of Bollgard II® XtendFlex™
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cotton in the near future, there is a need to examine the effect of preemergence
herbicides, in combination with dicamba, for Palmer amaranth control. Bollard II®
XtendFlex™ cotton will allow the use of dicamba in a preemergence application. This is
especially important due to the extensive level of herbicide resistance displayed by
Palmer amaranth. Therefore, the objective of this study was to determine preemergence
efficacy of fomesafen, fluometuron, acetochlor, and prometryn alone and in combination
with dicamba on glyphosate-resistant Palmer amaranth.
Materials and Methods
Experiments were conducted at two locations in 2012 and 2013 to evaluate PRE
control of glyphosate-resistant Palmer amaranth in Bollgard II® XtendFlex™ cotton.
Research sites in 2012 were Owen Farms near Robinsonville, Mississippi (34.830375ºN,
090.290672ºW) and the Mississippi State University Delta Research and Extension
Center in Stoneville, Mississippi (33.435025ºN, 090.909156ºW). Trials were planted on
11 May 2012 and 4 June 2012 at Robinsonville and Stoneville, respectively. Research
sites in 2013 included Owen Farms near Robinsonville, MS (34.831497ºN,
090.291425ºW) and Hood Farms near Dundee, MS (34.544694ºN, 090.472697ºW), and
planted on 28 May 2013 and 21 May 2013, respectively. Seedbeds were prepared using
conventional tillage and an experimental cotton cultivar containing Bollgard II®
XtendFlex ™ technology was planted at all locations at 135,908 seeds ha-1. Soil texture
was a Robinsonville fine sandy loam in Robinsonville, and Keyespoint silty clay soil in
Dundee. Plots consisted of four 97 or 102 cm wide rows which were 7.6 meters long.
Two application timings were utilized for the experiments in 2012; an early preplant
application, along with PRE applications. However, in 2013, there was only one PRE
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timing due to the abundance of rain in May and no opportunity for the preplant
application. The early preplant application was made to designated plots up to 14 days
prior to PRE applications being made. Applications in 2012 were made on 3 May 2012
and 12 May 2012 in Robinsonville and on May 11 2012 and June 4 2012 in Stoneville.
Applications in 2013 were made on May 29 2013 in Robinsonville and on May 21 2013
in Dundee. The experiment was conducted using a randomized complete block design
with four replications and treatments were considered as a single factor. Data were
subjected to analysis of variance (ANOVA) using the Proc Mixed procedure in SAS 9.3.
Means were separated using Fisher’s Protected LSD at α=0.05. Preplant applications
included fomesafen (Reflex® Syngenta Crop Protection, LLC, P.O. Box 18300,
Greensboro, North Carolina 27419-8300) at 0.3 kg ha-1, fomesafen at 0.3 kg ha-1 +
MON100111 (experimental dicamba formulation containing 600 g ai/L) at 1.1 kg ha-1,
and fomesafen at 0.3 kg ha-1 + MON100111 at 0.6 kg ae ha-1. Preemergence applications
included fluometuron (Cotoran® Makhteshim Agan of North America, Inc., 3120
Highwoods Blvd, Suite 100, Raleigh, NC 27604) at 1.1 kg ha-1, acetochlor (Warrant®
Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri 63167 USA) at
1.3 kg ha-1, prometryn (Caparol® Syngenta Crop Protection, LLC, P.O. Box 18300,
Greensboro, North Carolina 27419-8300) at 1.1 kg ha-1, MON 100111 at 1.1 kg ha-1,
MON 100111 at 0.6 kg ae ha-1, and 2,4-D LV Ester (Weedone ® LV4 Nufarm, Inc., 150
Harvester Drive, Burr Ridge, IL 60527) at 1.1 kg ha-1. Fluometuron, acetochlor, and
prometryn were applied at previously mentioned application rates tankmixed with
MON100111 at 1.1 kg ha-1 and MON 100111 at 0.6 kg ae ha-1. A nontreated check plot
was also included in each replication in each year. Applications were made with a CO2
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pressurized backpack sprayer at 324 kPa with 110015 Turbo TeeJet Induction Nozzles
(TeeJet Technologies 2011) applying 140L ha-1. Data was collected bi-weekly after
application and included Palmer amaranth density counts per square meter, Palmer
amaranth plant heights from three plants per square meter, visual evaluations of herbicide
phytotoxicity to Palmer amaranth, and Bollgard II® XtendFlex™ cotton. Palmer
amaranth density counts per square meter were converted to percent density count
reductions of the nontreated check in order to account for variations in Palmer amaranth
populations in the test area. The equation used to derive percent reduction of the
nontreated check is as follows:
[𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎𝑠⁄𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑛𝑜𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎𝑠] ∗ 100 =
(2.1)

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

Counts were taken in nontreated areas within each replication. Palmer amaranth counts
in treated areas were divided by counts from nontreated areas and the resultant number
was multiplied by 100 to provide a percent reduction in count. Visual ratings were based
on 0 to 100% with 0=no cotton injury or weed control and 100=complete death of cotton
death or control of Palmer amaranth (Frans et al.1986). To evaluate tolerance of Bollgard
II® XtendFlex™ cotton, cotton height and node counts were taken from three plants per
plot bi-weekly after emergence. All data was collected bi-weekly, up to six weeks after
the PRE application. Palmer amaranth biomass samples were taken from a one square
meter area of each plot six weeks after application. Biomass samples were taken by
manually pulling all plants in the square meter, above and below ground portions
included. Samples were dried in a forced air drier at 70º C for 120 hours. Once Palmer
25

amaranth plants had completely dried, samples were weighed and dry weights were
recorded.
Results and Discussion
Herbicide Efficacy on Palmer amaranth
Weed Control
Due to an abundance of rainfall soon after applications were made in 2013
(Figure 2.1), results are presented separately by year and data were pooled over location
within each year. Herbicide treatment affected Palmer amaranth control 14 days after
treatment (DAT) in 2012 (p<0.0001). When MON 100111 was added at either rate to
fluometuron and prometryn, Palmer amaranth control was 100%, which was greater than
control provided by acetochlor alone (89%) (Table 2.1). The addition of MON100111
did not significantly increase control when added to other herbicides, compared to the
herbicides alone, regardless of rate. All remaining herbicide treatments provided similar
Palmer amaranth control (at least 94%) and were not significantly different from each as
well as MON 100111 alone.
Herbicide program affected control of Palmer amaranth 28 DAT in 2012
(p<0.0001). Fomesafen combined with MON 100111 at either rate, and prometryn
combined with MON100111 at 1.1 kg ha-1, provided at least 95% control of Palmer
amaranth, and this level of control was greater than that with fluometuron alone,
acetochlor alone, and 2, 4-D LV Ester 28 DAT (Table 2.1). The addition of MON
100111 at either rate increased the efficacy of acetochlor 28 DAT. Fomesafen alone and
MON 100111 alone (at either rate) provided greater control (88 to 89%) than acetochlor
alone (67%).
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Similar to data collected 14 and 28 DAT, 42 DAT ratings in 2012 indicate that
herbicide had an effect on Palmer amaranth control (p<0.0001). Palmer amaranth control
increased from 54% to 79 to 86% control when MON 100111 was added to acetochlor
depending on application rate of MON100111 (Table 2.1). However, no benefit was
provided when 1.1 kg ha-1 of MON100111 was applied alone or in combination with
other herbicides. Fomesafen alone and MON 100111 alone (at either rate) provided
better control at 76 to 77% than acetochlor alone which provided 54% control 42 DAT
(Table 2.1).
Rainfall likely contributed to the differences in herbicide efficacy from 2012 to
2013 as a large rainfall event of over 10 cm occurred immediately following herbicide
application at the Dundee site in 2013. Palmer amaranth control was significantly
affected by herbicide (p<0.0001). Fomesafen plus MON 100111 at 1.1 kg ha-1 controlled
Palmer amaranth 96% which was greater than acetochlor alone, prometryn alone, and
2,4-D LV Ester (Table 2.2). No benefit was observed from combining MON 100111 at
either rate to other herbicides 14 DAT. Similar Palmer amaranth control (88 to 95%) was
observed with fomesafen, fluometuron, acetochlor, prometryn, and MON 100111 alone at
both rates, 14 DAT (Table 2.2).
The addition of MON 100111 at 1.12 kg ha-1 to acetochlor and prometryn
provided 17 to 30 and 12 to 27% increased control, respectively, compared to acetochlor
or prometryn alone 28 DAT (p<0.0001) (Table 2.2). No difference in Palmer amaranth
control was observed due to application rate of MON 100111 when applied alone.
Fomesafen alone provided 81% control which was greater than control from acetochlor,
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2, 4-D LV Ester, prometryn, and MON 100111 at 0.56 kg ha-1 which provided 51, 46, 46,
and 45% control, respectively (Table 2.2).
MON 100111 applied alone at 1.1 kg ha-1 provided 40% Palmer amaranth control
42 DAT in 2013 (Table 2.2). However, when fomesafen and acetochlor were added to
MON 100111, control was significantly increased to 72 and 64% respectively.
Fomesafen applied alone provided better control (58%) than MON 100111 at 0.6 kg ha-1
alone and 2, 4-D LV Ester alone, which provided 34% and 33% control, respectively
(Table 2.2).
Herbicides provided differing levels of Palmer amaranth control which was likely
impacted by rainfall after application. Acetochlor was the only herbicide for which
Palmer amaranth control was increased following addition of MON 100111 in 2012 42
DAT. Cheng and Lehmann (1985) and Senseman (2007) reported residual activity from
dicamba application depends on moisture levels and residual time is shorter in heavy
moisture situations. When MON 100111 was added to other herbicides, Palmer amaranth
control was not increased in 2013 except when added to acetochlor for data collected 42
DAT and prometryn 28 DAT. While in 2013 MON 100111 did provide some increased
efficacy on Palmer amaranth when added to other herbicides, it was not significant in
most cases. Fomesafen alone provided 58% control and when MON 100111 was added,
control was increased to 72% (Table 2.2).
Dicamba PRE can provide effective Palmer amaranth control. Decreased Palmer
amaranth control was observed when substantial rainfall was received soon after
application. In a Bollgard II® XtendFlex™ system, it may benefit a grower to apply an
additional PRE herbicide mixed with dicamba in order to take precautions in either
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moisture situation. Using dicamba as the only PRE herbicide could result in poor Palmer
amaranth control if heavy rainfall is received after application.
Palmer amaranth Density, Height, and Biomass
Negative numbers for count reductions, henceforth referred to as density; indicate
that values were higher than the nontreated check showing no reduction in density,
height, or biomass. In 2012, herbicide treatments impacted Palmer amaranth density
(p=0.0007) and plant height 14 DAT (p=0.0239) (Table 2.3). The addition of MON
100111 to residual herbicides did not decrease Palmer amaranth densities except when
tank-mixed with acetochlor (Table 2.3). No reduction in Palmer amaranth density was
observed due to application rate of MON 100111. Fomesafen tank-mixed with MON
100111 at 1.1 kg ha-1, fluometuron alone and tank-mixed with MON 100111 at 0.6 and
1.1 kg ha-1, acetochlor tank-mixed with MON 100111 at 1.1 kg ha-1, prometryn alone and
tank-mixed with MON 100111 at 1.1 kg ha-1, MON 100111 alone at 0.6 and 1.1 kg ha-1
and 2,4-D ester reduced Palmer amaranth height 14 DAT in 2012 (Table 2.3). The wide
range in densities in 2013 can be attributed to the high accumulation of rainfall causing a
non-uniform population (Table 2.3). All treatments in 2013 provided significant Palmer
amaranth height reductions compared to the nontreated check (p=0.0325) (Table 2.3).
Palmer amaranth density reductions in 2012 were affected by herbicide 28 DAT
(p=0.0200); however, heights were not (p=0.0562) (Table 2.4). All treatments reduced
Palmer amaranth densities except for acetochlor alone and 2, 4-D LV Ester. The addition
of MON 100111 increased reductions when tank-mixed with acetochlor (Table 2.4).
Herbicide application reduced Palmer amaranth densities 28 DAT in 2013 (p=0.0318),
but had no effect on heights (p=0.2196) (Table 2.4). MON 100111 applied alone or tank29

mixed with other herbicides did not increase Palmer amaranth count reductions
regardless of rate for any treatments except acetochlor. Palmer amaranth count reduction
following acetochlor application was increased from 30% when applied alone to 79%
when MON 100111 was added at 1.1 kg ha-1 (Table 2.4). In addition, application of
prometryn alone, MON 100111 at 0.6 kg ha-1, and 2,4 D LV ester in 2013 resulted in
decreased Palmer amaranth count reductions compared to other herbicide programs
(Table 2.4).
In 2012, herbicide affected Palmer amaranth density (p=0.0027) but not height
(p=0.3721) at 42 DAT. All treatments reduced Palmer amaranth densities more than 2, 4D LV Ester at 42 DAT (Table 2.5). MON 100111 did not significantly increase Palmer
amaranth density reduction when added to any treatment. There was not an effect on
density reduction due to herbicide application in 2013 (p=0.584). However, there was a
significant effect on Palmer amaranth height due to the herbicide application in 2013
(Table 2.5). When MON 100111 was added at 1.1 kg ha-1 to fluometuron, acetochlor,
and prometryn, heights were significantly reduced to 53 cm, 59 cm, and 59 cm,
respectively (Table 2.5).
Palmer amaranth biomass in 2012 (p=0.0446) was affected by herbicides, but not
in 2013 (p=0.1334). The 2012 results for Palmer amaranth biomass are similar to visual
control ratings as treatments containing fomesafen had lower biomass compared to the
nontreated check (Table 2.6). However, the addition of MON 100111 did not increase
the reduction in Palmer amaranth biomass compared to fomesafen alone. The addition of
MON 100111 at 1.1 kg ha-1 significantly decreased Palmer amaranth biomass when
added to fluometuron and acetochlor. The addition of MON 100111 at 1.1 kg ha-1 to
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prometryn significantly reduced Palmer amaranth biomass compared to the nontreated
check. Application 2,4-D LV Ester did not reduce Palmer amaranth biomass compared
to the nontreated check, unlike MON 100111 (Table 2.6).
Densities, heights, and biomass reductions results were similar to the visual
ratings of Palmer amaranth control in 2013. Efficacy of MON 100111 was sensitive to
moisture which led to overall higher biomass weights in 2013. There was no significant
benefit to adding MON 100111, at any rate, to other herbicides in increasing count
reductions or decreasing heights at 42 DAT (Table 2.5). At 28 DAT, MON 100111
alone, at either rate, provided equal count reductions as when added to other herbicides in
2012. There was no benefit from increasing the application rate of MON 10011 from 0.6
kg ha-1 to 1.1 kg ha-1. Treatments containing fomesafen were consistent in reducing
counts, height, and biomass of Palmer amaranth.
Herbicide Effects on Cotton Height, Nodes, and Injury
Herbicide application had no effect on cotton injury when examined across all
treatments in both years based on the (Tables 2.7, 2.8, 2.9). Cotton height was only
affected in 2012 at 42 DAT (p=0.0349). MON 100111 applied alone or in addition to
fluometuron, acetochlor, and prometryn resulted in increased plant height compared to
the nontreated check. However, the addition of MON 100111 to each of these herbicides
did not have any detrimental effect on plant height (Table 2.9). Similarly, the addition of
MON 100111 to fomesafen did not have a detrimental effect on cotton plant height.
However, when MON 100111 was tank-mixed at 0.6 kg ha-1 to fomesafen, a significant
increase in plant height compared to the nontreated check was observed (Table 2.9).
Herbicide program had no effect on cotton node counts (Tables 2.7, 2.8, 2.9).
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These results are valuable as residual effects of dicamba and its efficacy on
Palmer amaranth when applied alone and in combination with other herbicides need
further refinement. In dry conditions, dicamba exhibited residual effects on Palmer
amaranth even when applied alone. However, when applied in situations when ample
rainfall occurred after application, dicamba efficacy was decreased. Alternative residual
herbicides such as fluometuron and fomesafen were more effective in these situations.
Due to the unpredictability of the weather, applying dicamba alone as a preemergence
herbicide is not advised. Data has shown that regardless of the two weather patterns and
herbicides used, no significant crop injury was incurred. In a Bollgard II® XtendFlex™
system, it would be beneficial to integrate dicamba and traditional preemergence
herbicides to account for variable weather conditions.
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Table 2.1

Residual control of Palmer amaranth in Dundee, MS and Stoneville, MS;
14, 28, and 42 DAT in 2012a.

Rate
Timing
14 DATbc
28 DATbc
42 DATbc
-kg ae/ha----------------------%---------------------Fomesafend
0.3
Preplant
95 ab
89 abc
85 ab
+MON 100111
1.1
Preplant
98 ab
95 a
91 a
+MON 100111
0.6
Preplant
97 ab
96 a
90 a
d
Fluometuron
1.1
PRE
95 ab
78 bcd
69 bcd
+MON 100111
1.1
PRE
100 a
94 ab
91 a
+MON 100111
0.6
PRE
100 a
94 ab
86 ab
Acetochlord
1.3
PRE
89 b
67 d
54 d
+MON 100111
1.1
PRE
99 a
92 ab
86 ab
+MON 100111
0.6
PRE
97 ab
84 abc
79 abc
Prometrynd
1.1
PRE
95 ab
80 a-d
69 bcd
+MON 100111
1.1
PRE
100 a
95 a
89 ab
+MON 100111
0.6
PRE
100 a
89 abc
75 a-d
MON 100111
1.1
PRE
98 ab
88 abc
77 abc
MON 100111
0.6
PRE
98 ab
88 abc
76 abc
2, 4-D LV Ester
1.1
PRE
94 ab
73 cd
59 cd
a
Data are compiled over Dundee and Stoneville in 2012.
b
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
c
Abbreviation DAT, days after treatment.
d
Rates of these herbicides are expressed in kg ai/ha.
Herbicide
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Table 2.2

Residual control of Palmer amaranth in Dundee, MS, Robinsonville, MS;
14, 28, and 42 DAT in 2013a.

Rate
Timing
14 DATbc
28 DATbc
42 DATbc
-kg ae/ha----------------------%---------------------Fomesafend
0.3
PRE
93 ab
81 ab
58 a-e
+MON 100111
1.1
PRE
96 a
83 a
72 a
+MON 100111
0.6
PRE
92 ab
82 a
67 ab
Fluometurond
1.1
PRE
93 ab
68 a-d
48 b-g
+MON 100111
1.1
PRE
94 ab
79 ab
62 a-d
+MON 100111
0.6
PRE
92 ab
72 abc
54 a-g
Acetochlord
1.3
PRE
88 b
51 cd
40 efg
+MON 100111
1.1
PRE
95 ab
81 ab
64 abc
+MON 100111
0.6
PRE
95 ab
68 a-d
55 a-f
Prometrynd
1.1
PRE
88 b
46 d
39 efg
+MON 100111
1.1
PRE
92 ab
73 abc
46 c-g
+MON 100111
0.6
PRE
92 ab
58 bcd
41 d-g
MON 100111
1.1
PRE
90 ab
60 a-d
40 efg
MON 100111
0.6
PRE
89 ab
45 d
34 fg
2, 4-D LV Ester
1.1
PRE
88 b
46 d
33 g
a
Data are compiled over Dundee and Robinsonville in 2013.
b
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
c
Abbreviation: DAT, days after treatment.
d
Rates of these herbicides are expressed in kg ai/ha.
Herbicide
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Table 2.3

Palmer amaranth density reduction and heights 14 DAT in 2012 and 2013 in
Dundee, MS, Robinsonville, MS, and Stoneville, MSb.

Herbicide

Rate
-kg ae/ha0.3
1.1
0.6
1.1
1.1
0.6
1.3
1.1
0.6
1.1
1.1
0.6
1.1
0.6
1.1

Timing

2012
DR
Height (cm)a
52 ab
11 a
65 ab
3.6 bc
79 a
4.9 abc
88 a
0c
100 a
0c
100 a
0c
23 bc
10 ab
100 a
0c
88 a
4.3 abc
83 a
0.3 c
100 a
0c
96 a
3.3 abc
100 a
0c
94 a
0c
100 a
0c
-8.3 ab
ad

ad

2013
Height (cm)a
1.6 b
1.4 b
0.9 b
1.1 b
1.5 b
1.4 b
1.6 b
1.0 b
1.5 b
1.6 b
1.3 b
1.6 b
1.5 b
1.5 b
1.4 b
2.8 a

DR
Fomesafence
Preplant
90 a
+MON 100111
Preplant
97 a
+MON 100111
Preplant
92 a
c
Fluometuron
PRE
85 a
+MON 100111
PRE
86 a
+MON 100111
PRE
82 a
Acetochlorc
PRE
-4 a
+MON 100111
PRE
93 a
+MON 100111
PRE
66 a
Prometrync
PRE
-40 a
+MON 100111
PRE
67 a
+MON 100111
PRE
43 a
MON 100111
PRE
39 a
MON 100111
PRE
46 a
2, 4-D LV Ester
PRE
20 a
Nontreated
-Check
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha.
d
Values are a percent density reduction (DR) when compared to an nontreated check.
e
Treatments in 2013 containing fomesafen were applied preemergence.
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Table 2.4
Herbicide

Palmer amaranth density reduction and heights 28 DAT in 2012 and 2013 in
Dundee, MS, Robinsonville, MS, and Stoneville, MSb.
Rate
-kg ae/ha0.3
1.1
0.6
1.1
1.1
0.6
1.3
1.1
0.6
1.1
1.1
0.6
1.1
0.6
1.1

Timing

2012
DR
Height (cm)a
83 ab
14 a
96 a
5.3 a
99 a
5.6 a
78 ab
11 a
88 ab
7.3 a
79 ab
5.5 a
23 bcd
15 a
91 a
6.1 a
69 ab
19 a
46 abc
15 a
89 a
3.2 a
69 ab
8.5 a
84 ab
7.0 a
74 ab
8.3 a
-30 d
13.1 a
25.9 a
ad

2013
DR
Height (cm)a
81 a
12 a
85 a
13 a
80 a
12 a
72 ab
17 a
57 ab
12 a
65 ab
16 a
30 bc
25 a
79 a
17 a
71 ab
18 a
34 bc
19 a
52 ab
19 a
56 ab
20 a
44 abc
22 a
31 bc
18 a
33 bc
20 a
29 a
ad

Fomesafence
Preplant
+MON 100111
Preplant
+MON 100111
Preplant
c
Fluometuron
PRE
+MON 100111
PRE
+MON 100111
PRE
Acetochlorc
PRE
+MON 100111
PRE
+MON 100111
PRE
Prometrync
PRE
+MON 100111
PRE
+MON 100111
PRE
MON 100111
PRE
MON 100111
PRE
2, 4-D LV Ester
PRE
Nontreated
Check
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based on
Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha.
d
Values are a percent density reduction (DR) when compared to an nontreated check.
e
Treatments in 2013 containing fomesafen were applied preemergence.
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Table 2.5

Palmer amaranth density reduction and heights 42 DAT in 2012 and 2013 in
Dundee, MS, Robinsonville, MS, and Stoneville, MSb.

Herbicide

Rate
-kg ae/ha0.3
1.1
0.6
1.1
1.1
0.6
1.3
1.1
0.6
1.1
1.1
0.6
1.1
0.6
1.1

Timing

ad

2012
Height (cm)a
45 a
20 a
17 a
56 a
25 a
28 a
62 a
23 a
50 a
66 a
28 a
34 a
34 a
32 a
57 a
72 a

ad

2013
Height (cm)a
60 de
66 bcd
64 cd
71 abc
53 e
64 cd
78 a
59 de
70 abc
77 a
59 de
66 cd
63 cd
60 de
63 cd
78 a

DR
DR
Fomesafence
Preplant
63 abc
82 a
+MON 100111
Preplant
83 ab
86 a
+MON 100111
Preplant
83 ab
80 a
c
Fluometuron
PRE
32 abc
78 a
+MON 100111
PRE
80 ab
72 a
+MON 100111
PRE
58 abc
73 a
Acetochlorc
PRE
36 abc
32 a
+MON 100111
PRE
39 abc
73 a
+MON 100111
PRE
45 abc
72 a
Prometrync
PRE
55 abc
-3.8 a
+MON 100111
PRE
-3.3 abc
67 a
+MON 100111
PRE
-55 c
66 a
MON 100111
PRE
-45 c
40 a
MON 100111
PRE
-41 bc
10 a
2, 4-D LV Ester
PRE
-189 d
10 a
Nontreated
Check
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha.
d
Values are a percent density reduction (DR) when compared to an nontreated check.
e
Treatments in 2013 containing fomesafen were applied preemergence.
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Table 2.6

Residual herbicide effects on Palmer amaranth biomasses 42 DAT in 2012
and 2013 in Dundee, MS, Robinsonville, MS, and Stoneville, MSb.
Herbicide

Rate
kg ae/ha
0.3
1.1
0.6
1.1
1.1
0.6
1.3
1.1
0.6
1.1
1.1
0.6
1.1
0.6
1.1

2012
2013
-------Grams------45 cd
166 a
14 d
205 a
20 d
183 a
214 ab
255 a
23 cd
157 a
67 bcd
248 a
182 abc
371 a
16 d
207 a
126 a-d
246 a
136 a-d
370 a
24 cd
180 a
132 a-d
293 a
25 cd
214 a
77 bcd
343 a
170 a-d
296 a
282 a
386 a

Fomesafenc
+MON 100111
+MON 100111
Fluometuronc
+MON 100111
+MON 100111
Acetochlorc
+MON 100111
+MON 100111
Prometrync
+MON 100111
+MON 100111
MON 100111
MON 100111
2, 4-D LV Ester
Nontreated
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha. Treatments in 2013 containing
fomesafen were applied preemerge and preplant in 2012. All other treatments in both
years were applied preemerge.
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Table 2.7

Residual herbicide effects on cotton injury, height, and nodes 14 DAT
applied preplant and preemergence in Dundee, MS, Robinsonville, MS, and
Stoneville, MS in 2012 and 2013b.

Herbicide

Rate
kg ae/ha Injuryad
0.3
2a
1.1
8a
0.6
5a
1.1
5a
1.1
0a
0.6
2a
1.3
0a
1.1
0a
0.6
5a
1.1
1a
1.1
0a
0.6
1a
1.1
6a
0.6
2a
1.1
4a

2012
2013
Heightae Nodea Injuryad Heightae Nodea
Fomesafenc
8a
1.9 a
6a
5a
N/A
+MON 100111
8a
1.5 a
5a
5a
N/A
+MON 100111
7a
1.9 a
4a
5a
N/A
Fluometuronc
6a
1.6 a
0a
6a
N/A
+MON 100111
7a
1.6 a
0a
6a
N/A
+MON 100111
6a
1.8 a
0a
6a
N/A
c
Acetochlor
6a
1.4 a
0a
6a
N/A
+MON 100111
6a
1.8 a
1a
6a
N/A
+MON 100111
6a
1.8 a
0a
6a
N/A
Prometrync
6a
1.8 a
0a
6a
N/A
+MON 100111
7a
1.8 a
0a
6a
N/A
+MON 100111
6a
1.8 a
0a
6a
N/A
MON 100111
7a
1.9 a
0a
6a
N/A
MON 100111
7a
1.8 a
0a
6a
N/A
2, 4-D LV Ester
5a
0.8 a
0a
5a
N/A
Nontreated
6a
1.8 a
6a
N/A
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha. Treatments in 2013 containing
fomesafen were applied preemerge and preplant in 2012. All other treatments in both
years were applied preemerge.
d
Values are expressed in percent.
e
Values are expressed in centimeters.
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Table 2.8

Residual herbicide effects on cotton injury, height, and nodes 28 DAT
applied preplant and preemergence in Dundee, MS, Robinsonville, MS, and
Stoneville, MS in 2012 and 2013b.

Herbicide

Rate
kg ae/ha Injuryad
0.3
0a
1.1
1a
0.6
2a
1.1
0a
1.1
0a
0.6
0a
1.3
0a
1.1
1a
0.6
5a
1.1
3a
1.1
0a
0.6
3a
1.1
3a
0.6
3a
1.1
31 a

2012
2013
Heightae Nodea Injuryad Heightae Nodea
Fomesafenc
15 a
4.5 a
0a
15 a
4.8 a
+MON 100111
16 a
4.3 a
1a
16 a
5.0 a
+MON 100111
17 a
5.1 a
0a
16 a
4.6 a
Fluometuronc
17 a
4.6 a
2a
16 a
4.6 a
+MON 100111
17 a
5.2 a
0a
17 a
4.8 a
+MON 100111
18 a
4.8 a
0a
16 a
5.1 a
c
Acetochlor
17 a
4.3 a
0a
21 a
4.6 a
+MON 100111
16 a
4.1 a
0a
19 a
5.4 a
+MON 100111
17 a
4.7 a
0a
18 a
5.0 a
Prometrync
18 a
5.0 a
0a
16 a
4.7 a
+MON 100111
18 a
4.9 a
0a
17 a
5.0 a
+MON 100111
18 a
4.5 a
0a
17 a
4.8 a
MON 100111
16 a
4.2 a
0a
17 a
4.6 a
MON 100111
17 a
4.8 a
0a
15 a
4.7 a
2, 4-D LV Ester
15 a
3.9 a
0a
14 a
4.0 a
Nontreated
16 a
4.5 a
15 a
3.7 a
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha. Treatments in 2013 containing
fomesafen were applied preemerge and preplant in 2012. All other treatments in both
years were applied preemerge.
d
Values are expressed in percent.
e
Values are expressed in centimeters.
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Table 2.9

Residual herbicide effects on cotton injury, height, and nodes 42 DAT
applied preplant and preemergence in Dundee, MS, Robinsonville, MS, and
Stoneville, MS in 2012 and 2013b.

Herbicide

Rate
kg ae/ha Injuryad
0.3
6a
1.1
6a
0.6
0a
1.1
0a
1.1
0a
0.6
0a
1.3
0a
1.1
3a
0.6
0a
1.1
0a
1.1
0a
0.6
0a
1.1
1a
0.6
0a
1.1
21 a

2012
2013
Heightae Nodea Injuryad Heightae Nodea
Fomesafenc
37 bc
9a
0a
38 a
8.6 a
+MON 100111
37 bc
9a
0a
36 a
8.5 a
+MON 100111
42 ab
10 a
0a
32 a
8.6 a
Fluometuronc
43 ab
9.3 a
0a
34 a
7.5 a
+MON 100111
46 a
10 a
0a
36 a
8.5 a
+MON 100111
46 a
9.7 a
0a
35 a
8.4 a
c
Acetochlor
39 ab
8.9 a
0a
31 a
6.8 a
+MON 100111
41 ab
9.2 a
0a
39 a
8.6 a
+MON 100111
39 ab
9.1 a
0a
36 a
8.5 a
Prometrync
43 ab
9.4 a
0a
32 a
7.5 a
+MON 100111
46 a
10 a
0a
40 a
8.5 a
+MON 100111
44 ab
10 a
0a
33 a
8.4 a
MON 100111
43 ab
9.3 a
0a
32 a
7.6 a
MON 100111
40 ab
9.0 a
0a
30 a
7.0 a
2, 4-D LV Ester
36 bc
8.6 a
0a
28 a
6.9 a
Nontreated
30 c
6.9 a
25 a
6.3 a
Data are compiled over all locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha. Treatments in 2013 containing
fomesafen were applied preemerge and preplant in 2012. All other treatments in both
years were applied preemerge.
d
Values are expressed in percent.
e
Values are expressed in centimeters.
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Figure 2.1

Rainfall amounts in centimeters for Tunica County, MS and the Delta
Research and Extension center in Washington County, MS in 2012 and
2013.

This information shows the collective amount of rainfall from April-July which had
effects on the residual efficacy of the herbicides.
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CHAPTER III
EFFICACY OF POSTEMERGENCE HERBICIDES ON GLYPHOSATE-RESISTANT
PALMER AMARANTH IN BOLLGARD II® XTENDFLEX™ COTTON

Glyphosate
Glyphosate is a broad-spectrum foliar herbicide that was discovered in 1970
(Franz et al. 1996). Glyphosate is translocated in plants and inhibits 5enolpyruvylshikimate-3-phosphate synthase; which is the sixth enzyme in the shikimate
biosynthetic pathway that produces essential aromatic amino acids (EXTOXNET 2007).
Glyphosate is absorbed through the cuticle of plants when applied in a postemergence
application. Glyphosate is translocated in the symplast and accumulates in underground
tissues, immature leaves, and meristems. Glyphosate is considered to have low mobility
in most soils and is adsorbed tightly to soil (Senseman 2007).
Roundup Ready™ cotton (Gossypium hirsutum) was commercially released in
1997 and gave producers the option to make broadcast postemergence applications of
glyphosate to cotton (Green 2009). Glyphosate formulations are typically applied at 0.86
kg ha-1 but can be applied up to 1.25 kg ha-1. No more than 2.3 kg ha-1 may applied to
Roundup Ready Flex cotton from emergence to 60% open bolls. Glyphosate can be
applied at rates up to 1.72 kg ha-1 after 60% boll crack. When applications are made after
60% open boll, a minimum of 7 days between application and harvest must occur
(Anonymous 2013f).
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Glyphosate is valuable due to its broad-spectrum activity and its affordable price.
Glyphosate usage in the United States reached 4.5 million kg by the late 90s and early
2000s; however, by 2009 glyphosate usage in the United States increased 10-fold (Green
2009). Due to continual use, glyphosate-resistance has become problematic throughout
the United States and worldwide. Glyphosate-resistant Palmer amaranth was first
reported in 2005 in Georgia (Heap 2012). Nearly 680,000 hectares across the southern
United States were infested with glyphosate-resistant Palmer amaranth (Amaranthus
palmeri) by 2009 (Nichols et al. 2009). Prior to the onset of glyphosate resistance,
glyphosate was very effective in controlling Palmer amaranth (Riar et al. 2011). One
late-season application of glyphosate alone, on susceptible Palmer amaranth, provided
97% control. One postemergence (POST) application of glyphosate provided as good or
better control than a PRE application followed by fomesafen applied POST in soybeans.
Control of glyphosate-resistant Palmer amaranth requires PRE residual herbicides and/or
glufosinate. Along with PRE applications, timely sequential applications of glyphosate
on weeds are far superior to a single application in controlling Palmer amaranth and
reducing biomass weights (Jha et al. 2008). Sequential glyphosate applications to
susceptible Palmer amaranth in soybeans (Glycine max) resulted in reduced biomass and
increased yields compared to a single application of glyphosate.
Glufosinate
Glufosinate acts as a glutamine synthetase inhibitor which inhibits glutamine
synthetase activity (Senseman 2007). Glutamine synthetase is the enzyme that converts
glutamate to ammonia then to glutamine. The accumulation of ammonia destroys plant
cells, inhibits photosystem I and II reactions, and reduces pH which disrupts
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photophosphorylation. Glufosinate is a contact herbicide and is mostly absorbed through
contacted tissue. Glufosinate is weakly sorbed to soil and is rarely taken up by roots of
plants.
Glufosinate can be applied POST in Liberty Link™, Glytol™ + Liberty Link™,
and Widestrike™ cotton (Anonymous 2013g). Glufosinate is a nonselective herbicide
that will control many broadleaf and grass weeds. Three applications per season can be
made at rates up to 0.59 kg ha-1 with at least 10 days between applications. When using
this method, no more than 1.78 kg ha-1 can be applied per season. However, one can
make a single application up to 0.88 kg ha-1 but the follow up application must not
exceed 0.59 kg ha-1. When using this method of application, the maximum amount
applied per season in 1.47 kg ha-1. Glufosinate can be applied to cotton from emergence
up to early bloom stage.
Two POST applications of glufosinate have been shown to provide greater control
of glyphosate-resistant Palmer amaranth than two application of glyphosate (Whitaker et
al. 2011). Glufosinate has been shown to increase control from 9 to 19% as opposed to
glyphosate on a mixture of glyphosate-resistant and susceptible Palmer amaranth. Two
sequential POST applications of glufosinate are needed to provide adequate control of
glyphosate-resistant Palmer amaranth (Riar et al. 2011). Two POST applications of
glufosinate at 0.45 kg ha-1 with or without a PRE treatment resulted in 96% Palmer
amaranth control one week after application (Ahmed et al. 2012).
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Dicamba
Given that several weed species have developed resistance to glyphosate, cotton
has been genetically engineered to be resistant to dicamba which will allow an additional
tool for control of these species (Chafin et al. 2010). Dicamba applied alone at 1.12 kg
ha-1 has been shown to provide 90% control of Palmer amaranth (Chafin et al. 2010).
Dicamba provided 30 to 65% greater control of glyphosate-resistant Palmer amaranth
when mixed with glyphosate as opposed to glyphosate alone (Johnson et al. 2010). Tank
mixing dicamba with glufosinate can provide up to 15% greater control of Palmer
amaranth one week after application as opposed to applying glufosinate alone (Chafin et
al. 2010). Palmer amaranth plants <10 cm in height are easier to control than those that
exceed 10 cm in height (Sosnoskie et al. 2010). However, studies have shown that tank
mixes of glufosinate and dicamba have been effective at controlling 18 to 22 cm tall
Palmer amaranth (Chafin et al. 2010).
Acetochlor
Acetochlor applied with glyphosate in a POST application, provided up to 96%
control of Palmer amaranth 12 days after application. Glyphosate plus acetochlor tankmixed along with effective PRE herbicide applications can provide up to 99% Palmer
amaranth control (Dotray et al. 2012).
Efficacy of postemergence herbicide programs on Palmer amaranth has been
demonstrated. However, little research has been conducted on control of glyphosateresistant Palmer amaranth in glyphosate-resistant and glufosinate-tolerant crops with
dicamba in the program. In addition, EPSPS is not the only mode of action (MOA) that
Palmer amaranth has become resistant to. There are four other MOAs that include
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dinitroaniline, triazine, ALS herbicides, and HPPD herbicides (Burgos et al. 2001). With
the continued spread of glyphosate-resistant Palmer amaranth, and the introduction of
Bollgard II® XtendFlex™ cotton in the near future, there is a need to examine the effect
of POST herbicides, in combination with dicamba, for Palmer amaranth control.
Therefore, the objective of this study was to determine the postemergence efficacy on
glyphosate-resistant Palmer amaranth using combinations containing glyphosate,
glufosinate, dicamba, and acetochlor.
Materials and Methods
Experiments were conducted at two locations in 2012 and 2013 to evaluate POST
control of glyphosate-resistant Palmer amaranth in Bollgard II® XtendFlex™ cotton.
Research sites in 2012 included Owen Farms near Robinsonville, Mississippi
(34.830375ºN, 090.290672ºW), and Hood Farms near Dundee, MS (34.544694ºN,
090.472697ºW). Both trials were planted on 11 May 2012. The research site in 2013
was located at Owen Farms near Robinsonville, MS (34.830375ºN, 090.291378ºW) and
was planted on 28 May 2013. Seedbeds were prepared using conventional tillage and an
experimental cultivar containing Bollgard II® XtendFlex ™ technology was planted in
all locations in both years at 135,908 seeds ha-1. Soil texture was a Robinsonville fine
sandy loam in Robinsonville, and Keyespoint silty clay soil in Dundee. Plots consisted of
four 97 or 102 cm wide rows that were 7.6 meters long. The experiment was conducted
using a RCB design with treatments being arranged in a 7x2 factorial arrangement.
Seven herbicide treatments were applied at two different timings. Data were subjected to
analysis of variance (ANOVA) using the Proc Mixed procedure in SAS 9.2. Means were
separated using Fisher’s Protected LSD at α=0.05. Two postemergence applications
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were utilized and were based on weed height. The first applications were made when
Palmer amaranth was 5 to 10 cm in height and the second applications were made when
Palmer amaranth plants were 20 to 25 cm in height. The following herbicides were
utilized at both application timings (initial rate listed used in all applications): glufosinate
(Liberty® Bayer CropScience LP, P.O. Box 12014, 2 T.W. Alexander Drive, Research
Triangle Park, North Carolina 22709) alone at 0.6 kg ha-1, glufosinate plus acetochlor
(Warrant® Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri 63167
USA) at 1.3 kg ha-1, glufosinate plus glyphosate (Roundup WeatherMax® Monsanto
Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri 63167 USA) at 1.1 kg ha-1,
glufosinate plus dicamba (Clarity® BASF Corporation, 26 Davis Drive, Research
Triangle Park, NC 27709) 0.6 kg ha-1, glufosinate plus dicamba plus acetochlor,
glyphosate plus dicamba, and glyphosate plus dicamba plus acetochlor. Applications
were made with a CO2 pressurized backpack sprayer at 324 kPa with 110015 Turbo
TeeJet Induction nozzles. Applications for the Dundee location in 2012 were made on 30
May 2012 and 13 June 2012. Applications for the Robinsonville location in 2012 were
made on 1 June 2012 and 6 June 2012. Applications for the Robinsonville location in
2013 were made on 13 June 2013 and 20 June 2013. Palmer amaranth counts and heights
were recorded prior to the initial application. Palmer amaranth plants per square meter
were evaluated weekly after application. Data was collected weekly after application and
included Palmer amaranth density counts per square meter, Palmer amaranth plant
heights from three plants per square meter, visual evaluations of herbicide phytotoxicity
to Palmer amaranth, and Bollgard II® XtendFlex™ cotton. Palmer amaranth density
counts per square meter and were taken from each replication at every site. Visual
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ratings were based on 0 to 100% with 0=no cotton injury or weed control and
100=complete death of cotton death or control of Palmer amaranth (Frans et al.1986). To
evaluate tolerance of Bollgard II® XtendFlex™ cotton, cotton height and node counts
were taken from three plants per plot weekly after emergence. All data was collected
weekly, up to four weeks after the POST application. Palmer amaranth biomass samples
were taken from a one square meter area of each plot four weeks after application.
Biomass samples were taken by manually pulling all plants in the square meter, above
and below ground portions included. Samples were dried in a forced air drier at 70º C for
120 hours. Once Palmer amaranth plants had completely dried, samples were weighed
and dry weights were recorded.

Results and Discussion
Herbicide Efficacy on Palmer amaranth
Weed Control
No differences in Palmer amaranth control were observed due to herbicide
application seven days after treatment (DAT) (p=0.8431) (Table 3.1). At 7 DAT, Palmer
amaranth control ranged from 71 to 82% (Table 3.1). In addition, there was no difference
in Palmer amaranth control 7 DAT based on herbicide application timing (p=0.5798).
Average control across all treatments was similar for the 5 to 10 centimeter (cm)
application timing at 79% compared to 77% for the 20-25 cm timing (Table 3.2).
Herbicide program (p=0.0003) and application timing (p=0.0002) had significant
effects on Palmer amaranth control at 14 DAT (Table 3.1; Table 3.2). Averaged across all
treatments at different application timings, herbicides applied to 5 to 10 cm Palmer
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amaranth provided 86% control whereas herbicides applied to 20 to 25 cm Palmer
amaranth provided 76% control (Table 3.2). These findings are supported by Sosnoskie
et al. (2010) who found Palmer amaranth <10 cm in height are easier to control with
herbicides than Palmer amaranth larger than 10 cm at the time of application.
Glufosinate alone provided 79% Palmer amaranth control 14 DAT across both timings.
Glufosinate plus dicamba, glyphosate plus dicamba, and glyphosate plus dicamba plus
acetochlor provided similar control to glufosinate alone at 86%, 86%, and 84%,
respectively. Glufosinate plus glyphosate (76%) and glufosinate plus acetochlor (67%)
provided less Palmer amaranth control 14 DAT than glufosinate plus dicamba (86%),
glufosinate plus dicamba plus acetochlor (86%), dicamba plus glyphosate (86%), and
dicamba plus glyphosate plus acetochlor (84%) (Table 3.1).
Palmer amaranth control 28 DAT was affected by herbicide only (p=0.0005)
(Table 3.1; Table 3.2). Treatments that contained dicamba provided higher Palmer
amaranth control than treatments that did not. Chafin et al. (2010) reported similar
findings in that tank-mixes of glufosinate and dicamba provided greater control of Palmer
amaranth 18-22 cm in height as opposed to glufosinate alone. Dicamba increased the
efficacy of glufosinate alone from 72% to 82% Palmer amaranth at 28 DAT. Dicamba
also significantly increased control with glufosinate plus acetochlor from 66% to 84%.
Glufosinate, glufosinate plus glyphosate, and glufosinate plus acetochlor provided less
control (66-72%) than all treatments that contained dicamba. Acetochlor did not increase
control of Palmer amaranth when tank-mixed with any herbicide. Acetochlor decreased
efficacy of glufosinate compared to glufosinate applied alone. Also, when glyphosate
was added to glufosinate, no additional control was provided compared to glufosinate
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alone (Table 3.1). These findings are supported by Chafin et al. (2010) who found
dicamba can increase the efficacy of glufosinate on Palmer amaranth.
Palmer amaranth Densities, Height, and Biomass of Palmer amaranth
Neither herbicide program nor application timing had a significant effect on
Palmer amaranth density at any rating period (Table 3.2). Treatments containing
dicamba reduced Palmer amaranth populations numerically at 14 and 28 DAT; however,
not at a significant level (Table 3.1). Variations in Palmer amaranth populations across
the test area likely increased the variance which in turn may have led to the lack of
statistical significance.
Herbicide program did not have an effect on Palmer amaranth height at 7 DAT
(p=0.8901); however, application timing was significant (p=0.0006). Average Palmer
amaranth height at 7 DAT across all the treatments applied to 5 to 10 cm Palmer
amaranth was 13 cm, Palmer amaranth height 7 DAT to 20 to 25 cm Palmer was 26 cm
(Table 3.2). Palmer amaranth heights were significantly affected by herbicide program
(p=0.0376) and application timing (p=0.0175) at 14 DAT. However, no interaction of
herbicide and application timing were present (p=0.5674). When examined across all
treatments, average Palmer amaranth height following the 5 to 10 cm application was 19
cm whereas Palmer amaranth height following the 20 to 25 cm timing was 28 cm (Table
3.2). Application of glufosinate plus acetochlor resulted in significantly taller Palmer
amaranth plants (36 cm) at 14 DAT compared to application of glufosinate plus dicamba,
glufosinate plus dicamba plus acetochlor, dicamba plus glyphosate, and dicamba plus
glyphosate plus acetochlor which resulted in Palmer amaranth heights of 22, 17, 21, and
16 cm, respectively. However, heights were not different following application of
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glufosinate plus acetochlor and glufosinate alone (Table 3.1). Palmer amaranth heights
28 DAT were significantly shorter following applications that contained dicamba when
compared to ones that contained no dicamba (p<0.0001). Application of glufosinate and
glufosinate plus acetochlor provided the least Palmer amaranth height reduction at 28
DAT. Applications containing dicamba resulted in Palmer amaranth heights of 17 to 20
cm (Table 3.1). Application timing was not significant with respect to Palmer amaranth
plant heights 28 days after herbicide application (p=0.5743) (Table 3.2).
Palmer amaranth biomass at 28 DAT was affected by herbicide program
(p=0.0014) and application timing (p=0.0096) (Table 3.3; Table 3.4). Similarly,
Sosnoskie et al. (2010) found that Palmer amaranth <10 cm are easier to control, but
Chafin et al. (2010) also reported that tank-mixes of glufosinate and dicamba provided
increased control of Palmer amaranth 18 to 22 cm in height as opposed to glufosinate
alone. Biomasses coincide with the visual control in that treatments that contained
dicamba consistently had lower biomass. Palmer amaranth biomass at 28 DAT ranged
from 37 to 64 g following application of treatments containing dicamba. Conversely,
application of glufosinate and glufosinate plus acetochlor resulted in Palmer amaranth
biomass of 166 and 209 g, respectively, at 28 DAT (Table 3.4).
Herbicide Effect on Cotton Height, Total Nodes, and Visual Injury
Application timing had a significant effect on cotton visual injury 7 (p=0.0105)
and 14 DAT (p=0.0014), but not 28 DAT (p=0.1797). Herbicides applied to 5 to 10 cm
Palmer amaranth were made to cotton with one leaf whereas the 20 to 25 cm Palmer
amaranth application timing was made to cotton with two to three nodes per plant.
Visual evaluations of cotton injury 7 and 14 DAT revealed that herbicide applications
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made to 5 to 10 cm Palmer amaranth resulted in significantly higher visual injury at 2.0%
compared to herbicide applications made to 20 to 25 cm Palmer amaranth which resulted
in <1.0% visual injury (Table 3.5). By 28 DAT, no visual injury due to herbicide
application timing was observed (Table 3.5). Cotton heights 7 and 14 DAT were affected
by application timing (p=0.0001; 0.0016, respectively), but not by herbicide program
(p=0.4807; 0.2207, respectively). Cotton height following herbicide application to 5 to
10 cm Palmer amaranth were lower at 10 cm than cotton heights following herbicide
application to 20 to 25 cm Palmer amaranth at 17 cm (Table 3.5). Cotton heights 14 days
after the 5 to 10 cm Palmer amaranth application were 16 cm which were lower than
cotton heights 14 days after the 20 to 25 cm application timing which were 19 cm (Table
3.5). Cotton nodes were affected by herbicide application timing (p<0.0001) 7 DAT, but
not by herbicide program (p=0.5751). The 5-10 cm timing had significantly decreased
node counts at 2.5 nodes as opposed to 4.7 nodes at the 20-25 cm timing 7 DAT (Table
3.5).
Cotton height and nodes for the 20 to 25 cm timing at 7 and 14 DAT were greater
than the 5 to 10 cm application; however this was expected as the 5 to 10 cm application
went out a week earlier than the 20 to 25 cm timing. These data show that growth of the
cotton was not affected by herbicide timing. By the 28 DAT, there was no statistical
difference between the two application timings showing the compensatory growth ability
of cotton (Table 3.5).
Results indicate that herbicide timing had an effect on visual control at 14 DAT
(Table 3.2). Results also indicate that dicamba will increase Palmer amaranth control
with glufosinate (Table 3.1). While Palmer amaranth densities were not affected by
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herbicide at 28 DAT, biomasses were. Treatments containing dicamba had lower
biomasses than treatments that did not contain dicamba (Table 3.4). Also, application
timing had significant effect on Palmer amaranth biomass. Herbicides applied to Palmer
amaranth 5 to 10 cm resulted in biomasses of 68g while herbicides applied to 20-25 cm
Palmer amaranth application had biomasses of 132g (Table 3.3). All results indicate that
implementation of Bollgard II® XtendFlex™ cotton will provide additional tools for
control of Palmer amaranth (Table 3.5).
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Days After Treatment
7
14
28
Visual AMAPA AMAPA Visual AMAPA AMAPA Visual AMAPA AMAPA
Controla Densitya Heighta Controla Densitya Heighta Controla Densitya Heighta
Glufosinate
0.6
80 a
15 a
20 a
79 bc
39 a
26 ab
72 b
29 a
55 a
+Dicambac
0.6
81 a
8.6 a
20 a
86 ab
18 a
22 b
82 a
11 a
20 c
c
+Acetochlor
1.3
82 a
7.6 a
16 a
86 a
16 a
17 b
84 a
9.0 a
17 c
+Glyphosate
1.1
76 a
13 a
20 a
76 c
38 a
25 ab
72 b
33 a
40 b
+Acetochlorc
1.3
71 a
30 a
23 a
67 d
45 a
36 a
66 b
30 a
52 ab
Dicamba + Glyphosate 0.6 + 1.1
77 a
16 a
18 a
86 ab
21 a
21 b
84 a
9.9 a
18 c
c
+Acetochlor
1.3
78 a
21 a
19 a
84 abc
26 a
16 b
85 a
10 a
17 c
Data are compiled over all locations and timings in two years.
a
Means within a column followed by the same letter are not significantly different based on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha.

Rate
kg ae/ha

Visual control, density, and height of Palmer amaranth 7, 14, and 28 DAT based on herbicide treatment in
Robinsonville, MS and Dundee, MS in 2012 and 2013b.

Herbicide

Table 3.1
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Table 3.2

Timing

Visual control, density, and height of Palmer amaranth 7, 14, and 28 DAT
based on application timing in Robinsonville, MS and Dundee, MS in 2012
and 2013b.

Days After Treatment
14
28
Visual
Visual
Visual
ControlaDensitya Heighta ControlaDensitya Heighta ControlaDensitya Heighta
5-10 cmc 79 a
12 a
13 b
86 a
22 a
19 b
79 a
20 a
30 a
20-25 cmc 77 a
20 a
26 a
76 b
36 a
28 a
76 a
20 a
32 a
Data are compiled over all locations and timings in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Abbreviation: cm, centimeters.
Table 3.3

7

Biomass of Palmer amaranth 28 DAT based on application timing in
Robinsonville, MS and Dundee, MS in 2012 and 2013b.

Timing
Biomassad
5-10 cmc
68 b
20-25 cmc
132 a
Data are compiled over all locations and timings in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Abbreviation: cm, centimeters.
d
Biomass recorded in grams.
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Table 3.4

Biomass of Palmer amaranth 28 DAT based on herbicide treatment in
Robinsonville, MS and Dundee, MS in 2012 and 2013b.

--Rate-Biomassa
kg ae/ha
---grams--Glufosinate
0.6
166 a
c
+Dicamba
0.6
42 c
+Acetochlorc
1.3
37 c
+Glyphosate
1.1
131 ab
+Acetochlorc
1.3
209 a
Dicamba + Glyphosate 0.6 + 1.1
64 bc
+Acetochlorc
1.3
52 bc
Data are compiled over all locations and timings in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Rates of these herbicides are expressed in kg ai/ha.
Herbicide

Table 3.5

Cotton visual injury, height, and total nodes 7, 14, and 28 DAT as affected
by herbicide application timing in Robinsonville, MS and Dundee, MS in
2012 and 2013b.

Timing

Days After Treatment
7
14
28
Visual Cotton Total Visual Cotton Total Visual Cotton Total
Injurya Heightad Nodesa Injurya Heightad Nodesa Injurya Heightad Nodesa
5-10 cmc
2a
10 b
2.5 b
2a
16 b
5.1 a
0a
32 a
8.0 a
20-25 cmc 0 b
17 a
4.7 a
0b
19 a
5.0 a
0a
32 a
8.2 a
Data are compiled over all locations and timings in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05. Abbreviation: DAT, days after treatment.
b
Abbreviation: DAT, days after treatment.
c
Abbreviation: cm, centimeters.
d
Values are heights of cotton in cm
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CHAPTER IV
EVALUATION OF SPRAY TIP SELECTION AND HERBICIDE PROGRAM ON
EFFICACY, COVERAGE, AND SPRAY DROPLET SIZE

Introduction
With the development of dicamba resistant cropping systems, spray drift and offtarget movement have become a cause for concern. Sub-lethal rates of dicamba as low as
1/20 of the normal use rate can cause up to 30% yield loss in cotton (Everitt and Keeling
2009). Several factors have an impact on spray drift including boom height, spray
pressures, drift retardants, and drift reducing spray tips. Tip selection and droplet size are
the driving factors in controlling drift (Brown et al. 2007; Johnson et al. 2006). Drift
reducing nozzles work by producing larger spray droplets with less potential to drift.
Nozzles that produce droplets under 150 microns (µm) are considered likely to drift
(Yates et al. 1985). Droplets smaller than 150 µm have potential to drift 7.5 times further
than a 500 µm droplet (Bode 1987).
While droplet size has a direct impact on drift potential, temperature inversions
can also result in the movement of herbicides (Hanks 1995). Under normal temperature
conditions the air is warmer closer to the soil surface. However, during a temperature
inversion, the conditions are just the opposite and a cool layer of air is created at the soil
surface. These inversions are typically most common at dusk, dawn, and when winds are
calm. Cool air contained in these inversions can capture fine droplets or driftable fines.
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Small droplets are then displaced when the wind velocity increases. To prevent herbicide
movement from temperature inversions, droplets sizes should be greater than 100 µm.
To reduce the risk from small droplet size, drift retardants and tip selection should be
taken into consideration (Hanks 1997; Mueller and Womac 1997). While herbicides
have different properties and drift potentials, the implementation of venturi-type nozzles
can greatly reduce drift potential (Etheridge et al. 1999).
Tip Selection and Drift Control Adjuvants
Due to the lack of effectiveness of drift control agents, it is cheaper and more
effective to use drift-reducing nozzles in order to reduce drift (Johnson et al. 2006).
Different nozzles that produce different droplet sizes should be considered when spraying
contact herbicides given that plants must receive a minimum number of droplets per unit
area of leaf surface for herbicide to be effective (Ramsdale et al. 2001). When using
different spray nozzles in an effort to reduce drift, it is of paramount importance to not
reduce the efficacy of the herbicide. Drift reducing nozzles are effective in reducing drift
because of their pre-orifice which allows air in to mix with solution, reducing liquid
velocity and pressure out the exit orifice. This in turn increases the size or the volume
median diameter (VMD) of the spray droplet (Derksen et al. 1999; Lafferty et al. 2001).
These venturi type nozzles can reduce drift up to 50% compared to non-venturi type
nozzles (Grover et al. 1997). Previous research suggests that glufosinate is unaffected by
tip selection, spray pressure, or spray volume. However, dicamba efficacy when applied
with different spray tips is species dependent (Brown et al. 2007). Glyphosate efficacy
was unaffected by spray tip when applied to nodding spurge, pitted morningglory, and
southwestern cupgrass (Jones et al. 2002).
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While extensive research exists regarding control of glyphosate-resistant Palmer
amaranth based with herbicides, little research is available regarding changes in herbicide
efficacy as affected by nozzle selection. With the introduction of Bollgard II®
XtendFlex™ cotton, herbicide drift will be of high concern. Nozzle selection will need
to be restricted to those with coarser droplet sizes that will result in less drift. Also, little
work exists on the effect of droplet size within a specific nozzle as affected by herbicide
program. Therefore, the objectives of this research were to determine the effect of spray
nozzle on the efficacy of glufosinate, glyphosate, and dicamba when applied to
glyphosate-resistant Palmer amaranth.
Materials and Methods
Experiments were conducted at two locations in 2012 and one in 2013 to evaluate
the effect of spray nozzle on efficacy of herbicide when applied to glyphosate-resistant
Palmer amaranth. Research sites in 2012 were Owen Farms near Robinsonville,
Mississippi (34.831469ºN, 090.290606ºW), and Hood Farms near Dundee, MS
(34.545203ºN, 090.472933ºW). Applications were made on 21 June 2012 and 23 May
2012 to the sites in Robinsonville and Dundee, respectively. The research site in 2013
was located at Owen Farms near Robinsonville, MS (34.830375ºN, 090.291378ºW) and
the application was made on 20 June 13. Seedbeds were prepared with conventional
tillage and all experiments conducted in a crop free environment. Soil texture was a
Robinsonville fine sandy loam in Robinsonville, and Keyespoint silty clay soil in
Dundee. Plots consisted of four 97 or 102 cm wide rows that were 7.6 meters long.
Applications were made when Palmer amaranth was 10-15 cm in height. The nozzles
used in this experiment were: Extended Range Flat Fan, Greenleaf Asymmetric Dual Fan,
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Extended Range Air Induction, and Turbo TeeJet Induction. All the nozzles were
designed to deliver 0.057 LPM at 324 kPa. The experiment was conducted using a 4X5
factorial arrangement of treatments in a randomized complete block design with four
replications. Data were subjected to analysis of variance (ANOVA) using the Proc
Mixed procedure in SAS 9.3. Means were separated using Fisher’s Protected LSD at
α=0.05. The following herbicide programs were applied with each nozzle: dicamba @
0.6 kg ha-1 alone (Clarity® BASF Corporation, 26 Davis Drive, Research Triangle Park,
NC 27709), glufosinate @ 0.6 kg ha-1 alone (Liberty® Bayer CropScience LP, P.O. Box
12014, 2 T.W. Alexander Drive, Research Triangle Park, North Carolina 22709),
dicamba @ 0.6 kg ha-1 + glufosinate @ 0.6 kg ha-1, dicamba @ 0.3 kg ha-1 + glufosinate
@ 0.3 kg ha-1, dicamba @ 0.6 kg ha-1 + glyphosate @ 0.8 kg ha-1 (Roundup PowerMax®
Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri 63167 USA). All
treatments were applied at 140 L/ha. Data were collected weekly after application and
included Palmer amaranth density counts per square meter, Palmer amaranth plant
heights from three plants per square meter, and visual evaluations of herbicide efficacy
on Palmer amaranth. Palmer amaranth density counts per square meter were converted to
percent density count reductions of the nontreated check in order to account for variations
in Palmer amaranth populations in the test area. The equation used to derive percent
reduction of the nontreated check is as follows:
[𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎𝑠⁄𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑛𝑜𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎𝑠] ∗ 100 =
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

(4.1)

Visual ratings were based on 0 to 100% with 0=no cotton injury or weed control and
100=complete death of cotton death or control of Palmer amaranth (Frans et al.1986).
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Palmer amaranth biomass samples were taken from a one square meter area of each plot
four weeks after application. Biomass samples were taken by manually pulling all plants
in the square meter, above and below ground portions included. Samples were dried in a
forced air drier at 70 C for 120 hours. Once Palmer amaranth plants had completely
dried, samples were weighed and dry weights were recorded.
Water sensitive spray cards were placed in plots at the time of application. Each
plot had two cards, one on row two and one on row three. Spray cards were collected
after application and were evaluated to determine percent coverage. The cards were
analyzed using Droplet Scan software. This software works by evaluating the percent of
the card that has changed color due to the spray solution making contact; in the case of
these cards, turning from yellow to blue. This program is effective in determining
percent coverage only (Wolf et al. 2000). Droplets can overlap and splash which would
cause the program to read several droplets as one or vice versa.
In order to determine droplet size, spray nozzles and herbicide programs were
evaluated with a Sympatec diffraction laser system at the University of Nebraska. Wind
from a grain bin fan is pushed down a tunnel at 24 km/h. This wind speed was selected
because the droplets could pass through the laser without any shearing and without the
chance of lingering in the tunnel and particles being measured multiple times. The wind
is broken up by a structure at the start of the tunnel that provides laminar flow so that
there is no swirling or gusts of any kind. The nozzle and laser are on the opposite end of
the tunnel from the fan. The desired nozzle will spray a solution at a determined
pressure. The nozzle is on vertical beam that moves up and down. The laser is shining
horizontally across the tunnel in front of the spray solution and the beam is recorded on
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the opposite side by a camera. Each time the nozzle is moved up or down, the spray
solution passes through the laser and droplet sizes are measured. The camera and laser
work together to determine the droplet size based on how much of the laser is blocked or
diffracted by the spray solution. Spherical particles such as spray droplets cause a ring
pattern to occur in the laser when it is diffracted. The rings translate to the amount of the
laser that is being diffracted and depending on how much is diffracted; a computer puts
the solution into a certain size classification and provides certain data. Data generated
included Diameter Volume (DV) readings. These readings were broken down into
DV10, DV50, and DV90 (Table 4.4). These DV readings indicate the percentage of
droplets based on micron size. For instance, if the DV10 value for a given nozzle was
300 microns, this means that 10% of the total number of droplets in the solution are 300
microns or less. This also would mean that 90% of the droplets in that solution would be
greater than 300 microns. S values are also recorded by the computer program. These
values are read the same way as the DV values; however, values are further broken down
to show where a larger percentage of the droplets fall. This means that if a nozzle had a
DV90 of 700, it would be difficult to know exactly where the bulk of that 90% falls,
closer to 700 or closer to 150. S values were also used to run regression models which
show the distribution of microns based on size. These models show the same data as the
DV and S values, but further examine the percent of droplets that are 150 microns or
smaller.
Results and Discussion
Nozzle selection did not have an impact on herbicide efficacy across all
treatments and locations at 14 (p=0.6169) and 28 days after treatment (p=0.5813). Also,
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there were no nozzle by herbicide program interactions with respect to population
densities, plant heights, or herbicide efficacy 14 and 28 days after treatment (DAT).
Therefore, data were pooled across all locations for both years.
Nozzle and Herbicide Efficacy
Palmer amaranth heights and population densities were compared to the
nontreated check each week and will be displayed as a percent reduction compared to the
nontreated check. Nozzle selection had no effect on plant density reduction (p=0.3044)
or height reduction (p=0.5717) 14 DAT (Table 4.1). All herbicide programs and nozzle
combinations resulted in 58 to 72% reduction of Palmer amaranth density at 14 DAT
(Table 4.1). In addition, Palmer amaranth densities were reduced 56 to 64% at 28 DAT.
Palmer amaranth heights ranged from 10 – 11 cm and 20 to 25 cm at 14 DAT and 28
DAT, respectively (Table 4.1). Dicamba applied at 0.6 kg ha-1 + glufosinate at 0.6 kg
aha-1 reduced plant density by 88% compared to the nontreated check (Table 4.2).
Glufosinate provided similar density reductions (71%) to dicamba + glufosinate applied
at 0.6 kg ha-1 and 0.6 kg ha-1, respectively. Dicamba alone provided 46% population
reductions at 14 DAT whereas dicamba at 0.3 kg ha-1 + glufosinate at 0.3 kg ha-1 or
dicamba at 0.6 kg ha-1 + glyphosate at 0.84 kg ha-1 provided 62 and 57% reduction,
respectively (Table 4.2). Dicamba at 0.6 kg ha-1 + glufosinate at 0.6 kg ha-1 significantly
reduced Palmer amaranth heights compared to all other treatments at 14 DAT (Table
4.2). Dicamba at 0.6 kg ha-1 + glufosinate at 0.6 kg ha-1 provided significantly greater
visual control 14 DAT (91%) than all other treatments. Dicamba alone provided the least
control at 74%. Dicamba at 0.6 kg ha-1 + glyphosate at 0.8 kg ha-1, glufosinate at 0.6 kg
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ha-1 alone, and dicamba at 0.3 kg ha-1 + glufosinate at 0.3 kg ha-1, provided 82, 82, 81
percent control, respectively (Table 4.2).
Palmer amaranth population reductions (p=0.8797) and heights (p=0.0766) were
not affected by nozzle selection at 28 DAT (Table 4.1). In addition, no nozzle by
herbicide program interaction was present at 28 DAT for population reductions
(p=0.5134) or heights (p=0.7541). Similar results have been found in that nozzle
selection had no impact on efficacy of glufosinate (Brown et al. 2007). In addition, Jones
et al. (2002) found glyphosate was not affected by various nozzle selections on certain
grasses and other weed species. Palmer amaranth density reductions were similar for all
herbicide programs 28 DAT; however, herbicide program did have a significant effect on
count reductions. Palmer amaranth density reductions ranged from 51% to 80% (Table
4.2). Dicamba at 0.6 kg ha-1 + glufosinate at 0.6 kg ha-1, dicamba at 0.6 kg ha-1 +
glyphosate at 0.8 kg ha-1, and dicamba at 0.6 kg ha-1 decreased Palmer amaranth height
more than other treatments. Glufosinate alone provided the least reduction is Palmer
amaranth height (Table 4.2). Dicamba at 0.6 kg ha-1 + glufosinate at 0.6 kg ha-1 and
dicamba at 0.6 kg ha-1 + glyphosate at 0.8 kg ha-1 provided significantly greater visual
control at 84% than all other treatments (Table 4.2). Dicamba + glufosinate at 0.3 kg ha-1
and 0.3 kg ha-1 provided the least visual control at 70% at 28 DAT (Table 4.2). Dicamba
at 0.6 kg ha-1+ glufosinate at 0.6 kg ha-1and dicamba at 0.6 kg ha-1 + glyphosate at 0.8 kg
ha-1 provided the best visual control as well as the lowest biomasses (43 and 47 g
respectively). Glufosinate alone had significantly higher biomass at 159 g compared to
all other treatments. Dicamba + glufosinate at 0.3 kg ha-1 and 0.3 kg ha-1 and dicamba
alone had biomasses of 109 and 80 g, respectively (Table 4.2).
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No single treatment provided adequate Palmer amaranth control. It is difficult to
provide adequate control of Palmer amaranth with a single POST application of any
herbicide. These data support the need for sequential applications and the use of residual
herbicides. Ahmed and Holshouser (2010) stated that two applications of glufosinate at
0.4 kg ha-1 provides 96+% of Palmer amaranth 7 DAT. Also, Chafin et al. (2010)
showed that when adding dicamba to glufosinate, Palmer amaranth control is increased.
Our results agree with Chafin et al. (2010) as glufosinate alone provided the least visual
control 28 DAT and when dicamba was added proved to be one of the most effective
treatments.
Tip Effects on Spray Coverage and Droplet Sizes
Spray Coverage
Nozzle selection had a significant effect on spray coverage (p<0.0001) and
droplet size (p<0.0001); however, herbicide program did not affect spray coverage
(p=0.4619). Since the nozzle controls the droplet size, it ultimately will also control the
spray coverage rather than herbicide when examining across all nozzles and herbicides.
The XR nozzle produced significantly greater spray coverage at 76% across all herbicide
programs (Figure 4.1). This was followed by the TurboDrop® Asymmetric Dual Fan
(GL TW) nozzle, AIXR, and Turbo TeeJet Induction nozzle (TTI) at 62, 53, and 34%
coverage respectively. There were no statistical differences between the coverage of the
GL TW and AIXR nozzles. However, the TTI nozzle provided significantly lower
coverage than all other nozzles (Figure 4.1). Similar results were observed by Jones et al.
(2002) who found that AI nozzles and Turbo Flood type nozzles had smaller spray widths
than extended range nozzles which would cause them to have lower coverage. Ramsdale
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et al. (2001) stated that herbicides must need an adequate number of droplets per unit area
dependent on herbicide and weed species to be effective. However, these data with
respect to Palmer amaranth control, suggest that droplet size may have minimal effects on
control.
Droplet Size
Droplet size values including DV10, DV50, and DV90 are shown in Table 4.3.
The TTI nozzle produced the largest droplet while the XR nozzle produced the smallest
droplet. Jones et al. (2002) found Turbo Flood nozzles produced the largest droplets
when compared to AI and XR nozzles. When looking at the DV50 values, all herbicides
within the XR nozzle produced droplet sizes of 164-192 microns. However, the DV50
values for the TTI nozzle indicate micron sizes ranged from 645-815. Regardless of
nozzle selection, solutions containing glyphosate or glufosinate significantly reduced
micron size. When looking at the DV50 for the TTI nozzle, dicamba alone had droplets
with a micron size of 789; however, when glufosinate was added, micron size decreased
to 653. While this is still well over the 150 micron benchmark, it shows the significant
effect that glufosinate has on micron size. Also, all herbicides with exception of dicamba
in some cases, significantly decreased micron size when compared to water. Water will
most likely have significantly different droplet sizes of the actual herbicides. While these
diameter volume graphs are useful, it can be difficult to determine where the bulk of the
droplets fall. For example, if the DV50 is 400 microns, it is unclear whether 50% of the
droplets are near the 400 micron area or closer to the 150 micron range.
S values give the size of the droplets in that percent or smaller. For instance, if a
spray solution had a S30 value of 1.2%, then we know that 1.2% of this solution has
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droplets 30 microns or smaller. Figure 4.2 represents the S values for the XR nozzle.
There is a variation is micron size based on herbicide programs; however, the overall
results are the same. When looking at the dicamba + glufosinate treatment, 45% of the
droplets are 150 microns or smaller making them more prone to drift. When examining
the droplet sizes of the TTI nozzle, (Figure 4.3) the droplets are much larger when
compared to the XR nozzle. Less than 5% of the spray solution has the potential for drift
with the TTI nozzle. A large portion of these droplets are extremely large in size. When
looking at glufosinate alone, approximately 60% of the droplets are 730 microns or
smaller. The majority of this 60% lies within a range larger than the range that is
considered prone to drift. Also, 40% of the droplets are larger than 730 microns. Bode
(1987) observed droplets that are smaller than 150 microns have potential to drift 7.5
times further than a 500 µm droplet. These data indicate a significant portion of droplets
from the XR nozzle are prone to drift; however, the majority of the droplets from TTI
nozzle are unlikely to drift. In regards to the GL TW and AIXR nozzles, droplet sizes
fell between the XR and TTI nozzles (Figure 4.4 and 4.5). At least 80% of the droplets
for both nozzles are 150 microns or larger.
With the S values, regression models were evaluated to show differences in
micron size between nozzles and the differences in micron size within a nozzle. These
data reveal that herbicide had a significant effect on micron size within each nozzle
(p<0.0001). These data were pooled over three runs and means were plotted to create
regression models. The extended range flat fan (XR) had the highest percentage of
droplets with a smaller micron size. The XR nozzle produced 35-45% of droplets that are
150 microns or smaller regardless of herbicide (Figure 4.6). Glufosinate, applied with a
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TTI nozzle, produced 1.5% of the droplets 150 microns or smaller (Figure 4.7). The
GreenLeaf asymmetric dual fan (GL TW) and the extended range air induction (AIXR)
produced similar sized droplets. The GL TW produced slightly larger droplets than the
AIXR nozzle (Figure 4.8 and Figure 4.9). Again, herbicides containing glufosinate
decreased droplet size. When examining the XR nozzle, glufosinate and glufosinate +
dicamba produced the largest percentage of droplets that were smaller than 150 microns.
Dicamba alone produced the largest droplet size within the XR nozzle. However, when
glufosinate was added, droplet size was significantly decreased. Glufosinate and
dicamba + glufosinate were very similar in micron size (Figure 4.6). All r2 values for the
regression curves were at least 0.99.
When examining the DV values, the S values, and the regression models, it is
important to note the micron size difference for the different herbicides within the same
nozzle. Across all of the nozzles, treatments containing glufosinate and glyphosate had
decreased in micron size which increases the possibility for drift. Jones et al. (2002)
found similar results when looking at glyphosate compared to water. Glyphosate caused
a change in droplet size. Dicamba alone produced the largest droplet size of all the
herbicides; however, when mixed with glufosinate or glyphosate, the droplet size was
dramatically decreased (Table 4.3). Based on these data, certain herbicides such as
glufosinate may impact droplet size and increase possibility to drift. In addition, water
will not provide an accurate representation of droplet size from various herbicide
programs. The actual herbicides that will be applied should be used to test droplet size
from a given nozzle.
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Nozzle selection had no effect on herbicide efficacy. Four weeks after treatment
(WAT) the most consistent treatments for control of Palmer amaranth were dicamba +
glufosinate and dicamba + glyphosate. The TTI nozzle produced increased droplet size.
The XR nozzle produced the smallest droplets, which would increase the possibility for
drift (Table 4.5). Solutions containing glufosinate or glyphosate significantly reduced
droplet size in comparison to water. This decrease in droplet size increases the potential
to drift. Glufosinate produced the smallest droplet sizes while dicamba produced the
largest droplet sizes when compared to other herbicides (Table 4.4). It would be
advantageous to choose dicamba + glufosinate or dicamba + glyphosate in combination
with a TTI nozzle to help control Palmer amaranth and maximize drift reduction.
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Table 4.1

Density reduction and height of Palmer amaranth based on nozzle selection
14 and 28 DAT in Robinsonville, MS and Dundee, MS in 2012 and 2013b.

14 DAT
28 DAT
a
a
Nozzle Density Reduction
Height (cm)
Density Reductiona Height (cm)a
TTI
72 a
10 a
64 a
20 a
Gleaf Twin
68 a
11 a
58 a
25 a
AI XR
61 a
11 a
57 a
22 a
XR
58 a
10 a
56 a
23 a
Data are compiled over three locations in two years.
a
Means within a column followed by the same letter are not significantly different based
on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Palmer amaranth densities within a square meter; the percent reduction is when
compared to the check.
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Density reduction, height, and percent control of Palmer amaranth 14 and 28 DAT based on herbicide program in
Robinsonville, MS and Dundee, MS in 2012 and 2013b.

Herbicide

Density Reductionc
Height (cm)
Percent Control
Biomassd
14 DAT
28 DAT
14 DAT
28 DAT
14 DAT
28 DAT
28 DAT
Dicamba
46 c
51 a
12 a
16 c
74 c
78 b
80 bc
Glufosinate
71 ab
50 a
11 a
43 a
82 b
65 d
159 a
Dicamba + Glufosinate
88 a
80 a
7b
15 c
91 a
84 a
43 c
Dicamba + Glufosinate 1/2
62 bc
53 a
12 a
24 b
81 b
70 c
109 b
Dicamba + Glyphosate
57 bc
60 a
11 a
14 c
82 b
84 a
47 c
Data are compiled over three locations in two years.
a
Means within a column followed by the same letter are not significantly different based on Fisher’s protected LSD at p≤0.05.
b
Abbreviation: DAT, days after treatment.
c
Palmer amaranth densities within a square meter; the percent reduction is when compared to the check.
d
Biomass recorded in grams.

Table 4.2
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Solution

Diameter and volume values for herbicides and water across nozzles.

DV10
DV50
DV90
TTI GL TW AI XR XR TTI GL TW AI XR XR TTI GL TW AI XR
Water
432 218
196 85 815 435
392 192 1153 677
598
Dicamba
441 221
200 90 789 422
388 194 1126 655
588
Glufosinate
312 159
129 68 645 333
296 164 1001 573
529
Dic. + Glu.
322 162
131 69 653 339
298 164 1005 580
533
Dic. + Glu.1/2 362 174
139 72 724 357
313 172 1073 605
538
Dic. + Gly.
396 193
164 81 750 383
349 186 1090 611
569
LSD (0.05) = 5 a
LSD (0.05) = 6 a
LSD (0.05) = 9 a
a
Means within a column are separated based on Fisher’s protected LSD at p≤0.05.
Data were collected from the Sympatec diffraction laser system at the University of Nebraska.

Table 4.3
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XR
336
335
304
310
318
333

Figure 4.1

S Values for extended range flat fan nozzle across all herbicide programs.

CL= Clarity (dicamba)
LIB=Liberty (glufosinate)
CL+LIB= Clarity + Liberty (dicamba + glufosinate)
RU + CL= Roundup + Clarity (glyphosate + dicamba)
CL + LIB 0.5= Clarity + Liberty 0.5 (dicamba + glufosinate 0.5 rate)
-Data were collected from the Sympatec diffraction laser system at the University of
Nebraska.
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Figure 4.2

S Values for turbo TeeJet induction nozzle across all herbicide programs.

CL= Clarity (dicamba)
LIB=Liberty (glufosinate)
CL+LIB= Clarity + Liberty (dicamba + glufosinate)
RU + CL= Roundup + Clarity (glyphosate + dicamba)
CL + LIB 0.5= Clarity + Liberty 0.5 (dicamba + glufosinate 0.5 rate)
-Data were collected from the Sympatec diffraction laser system at the University of
Nebraska.
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Figure 4.3

S Values for GreenLeaf asymmetric dual fan nozzle across all herbicide
programs.

CL= Clarity (dicamba)
LIB=Liberty (glufosinate)
CL+LIB= Clarity + Liberty (dicamba + glufosinate)
RU + CL= Roundup + Clarity (glyphosate + dicamba)
CL + LIB 0.5= Clarity + Liberty 0.5 (dicamba + glufosinate 0.5 rate)
- Data were collected from the Sympatec diffraction laser system at the University of
Nebraska.
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Figure 4.4

S Values for extended range air induction nozzle across all herbicide
programs.

CL= Clarity (dicamba)
LIB=Liberty (glufosinate)
CL+LIB= Clarity + Liberty (dicamba + glufosinate)
RU + CL= Roundup + Clarity (glyphosate + dicamba)
CL + LIB 0.5= Clarity + Liberty 0.5 (dicamba + glufosinate 0.5 rate)
-Data were collected from the Sympatec diffraction laser system at the University of
Nebraska.
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Figure 4.5

Spray coverage based on nozzle selection

Coverage data were collected through applications to water sensitive cards and Droplet
Scan Program.
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Figure 4.6

Regression model for extended range flat fan nozzle across all herbicide
programs.
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Figure 4.7

Regression model for turbo TeeJet induction nozzle across all herbicide
programs.
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Figure 4.8

Regression model for GreenLeaf asymmetric dual fan nozzle across all
herbicide programs.
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Figure 4.9

Regression model for extended range air induction nozzle across all
herbicide programs.
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CHAPTER V
TOLERANCE OF ROUNDUP READY XTEND FLEX™ COTTON CULTIVARS TO
POSTEMERGENCE APPLICATIONS OF GLYPHOSATE, DICAMBA, AND
GLUFOSINATE

Cotton cultivars tolerant to glyphosate, glufosinate or a combination of the two
are commercially available (Green 2009). Glyphosate tolerant cropping systems are
valuable due to broad-spectrum activity. The use of glyphosate increased greatly in the
late 1990s and 2000s due to widespread adoption of glyphosate resistant cotton, corn, and
soybeans. In southern cotton systems, glyphosate provided an effective tool for control
of many hard to manage weed species (Heap 2012). By 2005, approximately 83% of
U.S. cotton was transgenic and the majority contained a glyphosate resistant trait
(Anonymous 2005). However, due to heavy glyphosate application rates and continual
glyphosate use in multiple cropping systems, glyphosate-resistant weeds have become
problematic (Heap 2012).
The glyphosate resistant gene is very effective in cotton. However, on nonglyphosate resistant cotton, glyphosate drift rates as low as 280 g/ha can reduce cotton
height and yield (Miller et al. 2004). Glyphosate at a drift rate of 140 g/ha can cause
injury up to 20% on non-glyphosate resistant cotton 28 days after application. Injury was
more severe when the applications were made at pin-head square (Ellis and Griffin 2002).
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Bayer CropScience released glufosinate-tolerant cotton in 2004 (Liberty Link
cotton). This cotton contains bialaphos resistance gene known as the bar gene. This
gene provides excellent tolerance to glufosinate (Culpepper et al. 2009; Gardner et al.
2006). In addition, WideStrike cotton was released in 2005 and contained the
phosphinothricin acetyltransferace or pat gene which also provides tolerance to
glufosinate. However, WideStrike cultivars are not as tolerant as LibertyLink cultivars to
glufosinate (Culpepper et al. 2009; Whitaker 2009). More recently, Glytol + Liberty Link
cotton has been released and possesses tolerance to both glyphosate and glufosinate
which allows for greater flexibility with respect to weed control options (UGA 2008;
Main et al. 2008; Whitaker et al. 2011). Tolerance of Liberty Link cotton to
postemergence applications of glufosinate is greater than Widestrike™ cotton (Culpepper
et al. 2009). Postemergence applications of glufosinate to PHY 485 WRF resulted in up
to 34% injury after two early applications while injury to FM 955LLB2 was only 2%.
However, no difference in yield due to glufosinate application was observed. Two
applications of glufosinate on PHY 485WRF resulted in yields similar to treatments with
no glufosinate application. Cultivars not resistant to glufosinate express injury in the form
of leaf necrosis and stunting (Ellis et al. 2000; Miller et al. 2003). Depending on cotton
maturity group and the time of glufosinate application to non-glufosinate cotton, different
effects may occur (Steckel et al. 2007). The greatest level of injury was observed when
sub-lethal rates of glufosinate were applied at pinhead square. In addition, nonglufosinate tolerant cultivars respond differently to sub-lethal rates of glufosinate. Early
maturing cultivars have shown greater early season injury that mid or full season
cultivars; however, yields have been equivalent or higher. Early season injury is not a
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good indicator of yield and many other factors come into play that affect the yield of nonglufosinate cultivars.
Monsanto Company is developing dicamba resistant cotton which is projected to
be released in 2015 (Culpepper et al. 2010). This new technology will be known as
Roundup Ready XtendFlex™ and will contain the dicamba O-demethylase (DMO) gene.
The DMO gene will provide tolerance to dicamba by converting dicamba into 3,6dichlorosalicylic acid (DCSA) (Behrens et al. 2007). This new technology will provide
growers with an additional mode of action to help combat glyphosate resistant weeds
(Everitt and Keeling 2009). Dicamba applications to non-dicamba tolerant cotton had a
greater effect on foliage, boll components, and yield when applied to cotton before bloom
as opposed to after bloom. When dicamba was applied at sub-lethal rates at pinhead
square, greater than 30% injury was observed while the same rate applied at first bloom
did not exceed 30%. However, cotton yields were not greatly affected (<15%) from
applications at or after first bloom. Dicamba applied at 0.14 kg ha-1 and 2,4-D applied at
0.28 kg ha-1 reduced yield 36-63% and 61-97%, respectively, depending on the stage of
the crop at the time of application. Cotton can sustain greater rates of dicamba without
greatly affecting yield compared to 2,4-D; however, if dicamba rates are high enough at
sensitive crop stages, yield reductions can occur. Also, cotton is more sensitive to 2,4-D
than dicamba regardless of crop stage.
Research has been conducted on tolerance of non-dicamba resistant cotton to
dicamba. Also, research has been conducted evaluating cotton tolerance to glufosinate
and glyphosate. However, little research is available evaluating tolerance of Bollgard II®
XtendFlex™ cotton to dicamba, glufosinate, and glyphosate. Therefore, this research
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was conducted to determine Bollgard II® XtendFlex™ cotton tolerance to combinations
of dicamba, glufosinate, and glyphosate.
Materials and Methods
An experiment was conducted in 2012 and 2013 at the Black Belt Branch
Experiment Station in Brooksville, Mississippi (33.228514, 088.572008) to evaluate
tolerance of Bollgard II® XtendFlex™ cotton cultivars to glyphosate, glufosinate, and
dicamba. Additional locations in 2012 included the West Tennessee Research and
Education Center in Jackson, Tennessee (35.622961, 088.846392) and the Lon Mann
Cotton Research Center in Mariana, Arkansas (34.770236, 090.775336). The soil types
were a Brooksville silty clay in Brooksville, Collins silt loam in Jackson, and a Loring
silt loam in Mariana. Six experimental cultivars were included and each was subjected to
various herbicide programs to determine tolerance. Experiments conducted at the Black
Belt Branch Experiment Station were planted on 21 May 2012 and 24 May 2013 at a rate
of 135,908 seeds per hectare. Plots consisted of two 97 cm rows that were 12.2 meters in
length. The experiment conducted at the Lon Mann Cotton Research Center was planted
on 22 May 2012 at a rate of 118,610 seeds per hectare. Plots consisted of four 97 cm
rows that were 12.2 meters in length. The experiment conducted at the West Tennessee
Research and Education Center was planted on 17 May 2012 at a rate of 135,908 seeds
per hectare. Plots consisted of two 97 cm rows that were 9.8 meters in length. Six
cultivars in 2012 included the following: 07W799B2R2-DGT-T7A-Z (henceforth
referred to as 07W799), 08Y615B2R2-DGT-T7A-Z (henceforth referred to as 08Y615),
08Y618B2R2-DGT-T7A-Z (henceforth referred to as 08Y618), 08Y999B2R2-DGTT7A-Z (henceforth referred to as 08Y999), 09V150B2R2-DGT-T7A-Z (henceforth
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referred to as 09V150), and COKER BGIII/DGT. The six cultivars used in 2013
included: 07W799B2R2-DGT-T7A-Z (henceforth referred to as 07W799), 08Y605
B2R2-BG1-BG2-DGT-RRF (henceforth referred to as 08Y605), 08Y573 B2R2-BG1BG2-DGT-RRF (henceforth referred to as 08Y573), 08T781 B2R2-BG1-BG2-DGT-RRF
(henceforth referred to as 08T781), 08T798 B2R2-BG1-BG2-DGT-RRF (henceforth
referred to as 08T798), COKER BGIII/DGT. These experiments were conducted using a
randomized complete block design with four replications in a 6x3 factorial arrangement
of treatments. Six varieties received three different herbicide program combinations.
Data were subjected to analysis of variance (ANOVA) using the Proc Mixed procedure in
SAS 9.3. Means were separated using Fisher’s Protected LSD at α=0.05.
Each cultivar, each year, was sprayed with three different herbicide program
combinations sprayed in a sequential manner. Herbicide programs included: 1) dicamba
(Clarity® BASF Corporation, 26 Davis Drive, Research Triangle Park, NC 27709)
applied PRE at 2.2 kg ha-1, followed by dicamba applied early post (4-leaf cotton) at 1.1
kg ha-1 followed by dicamba applied late post (12-leaf cotton) at 1.1 kg ha-1; 2) dicamba
applied PRE at 2.2 kg ha-1, followed by dicamba + glyphosate (Roundup PowerMax®
Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri 63167 USA)
applied early post (4-leaf cotton) at 1.1 kg ha-1 1.7 kg ha-1 followed by dicamba +
glufosinate (Liberty® Bayer CropScience LP, P.O. Box 12014, 2 T.W. Alexander Drive,
Research Triangle Park, North Carolina 22709) applied late post (12-leaf cotton) at 1.1
kg ha-1 + 1.1 kg ha-1; 3) glufosinate early post (4-leaf cotton), followed by mid-post (8leaf cotton) followed by late-post (12-leaf cotton) all at a rate of 1.1 kg ha-1. Application
dates for Brooksville in 2012 were: 19 May 2012 (PRE), 13 June 2012 (4-leaf), 24 June
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2012 (8-leaf), and 10 July 2012 (12-leaf). Application dates for Jackson in 2012 were: 21
May 2012 (PRE), 8 June 2012 (4-leaf), 22 June 2012 (8-leaf), and 2 July 2012 (12-leaf).
Application dates for Mariana in 2012 were: 22 May 2012 (PRE), 20 June 2012 (4-leaf),
3 July 2012 (8-leaf), and 18 July 2012 (12-leaf). Application dates for Brooksville in
2013 were: 23 May 2013 (PRE), 24 June 2013 (4-leaf), 3 July 2013 (8-leaf), and 18 July
2013 (12-leaf). All of these rates listed are twice the anticipated use rates that will be
recommended for the Bollgard II® XtendFlex™ cotton.
Visual evaluations of herbicide injury to cotton were taken weekly and were
based on 0-100% with 0= no visual damage and 100= complete death of cotton (Frans et
al. 1986). Along with visual ratings, cotton heights and node counts were taken
throughout the season. Immediately prior to defoliation, cotton height, total nodes, and
nodes above cracked boll counts were recorded. All plots were harvested with a spindle
picker modified for small plot research. Yields are reported as kilograms of seed cotton
per hectare.
Results and Discussion
Cotton Injury, Cotton Height, and Total Nodes
Cotton injury after the four leaf application was significantly affected by
herbicide in 2012 (p<0.0001)(Table 5.1). Dicamba preemergence (PRE) followed by
dicamba + glyphosate followed by dicamba + glufosinate caused significantly higher
crop injury than the other treatments at 13% when evaluated 2-5 days after treatment
(DAT). Glufosinate and dicamba PRE followed by two applications of dicamba POST
resulted in 10% and 6.9% visual injury, respectively (Table 5.1).
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Glufosinate alone and dicamba alone applications resulted in the significantly
larger plant heights at 34 cm and 33 cm, respectively, for variety 07W799 in 2012 after
the 4-leaf application (p=0.0036) (Table 5.1). Dicamba PRE followed by dicamba +
glyphosate application resulted in 07W799 height of 30 cm (data not shown).
Glufosinate significantly reduced the height of cultivar 08Y618 from 32 to 29 cm when
compared to the nontreated check (data not shown). Dicamba PRE followed by dicamba
significantly reduced the height of cultivar 09V150 when compared to other treatments
and nontreated check (data not shown). Cotton height in 2013 was affected by herbicide
(p=0.0004) and cultivar (p<0.0001); however, no interaction of the two was present after
the 4-leaf application (p=0.1032). Unlike in 2012, glufosinate significantly reduced plant
heights to 29 cm when compared to all other treatments, including nontreated check at 32
cm in 2013 (Table 5.1). Cultivar 08Y605 had significantly larger plants at 35 cm when
compared to all other cultivars and the nontreated. Cultivar 08T798 had significantly
smaller plants at 29 cm when compared to all other treatments and nontreated (Table 5.2).
Node counts in 2012 (p<0.0001) and 2013 (p<0.0001) both were significantly
affected only by cultivar after the 4-leaf application. In 2012, cultivars 07W799,
09V150, and COKER BGIII/DGT had a significant greater node counts than all other
cultivars. However, in 2013, 07W799 had a significant decrease in node counts when
compared to COKER BGIII/DGT and 08T798 (Table 5.2).
Cotton injury in 2012 (p<0.0001) and 2013 (p<0.0001) after the 8-leaf application
was significantly affected by herbicide only. In 2012, dicamba PRE followed by
dicamba + glyphosate as well as glufosinate alone caused significantly higher injury at
7.3% when compared to dicamba only and the nontreated at 5.9% and 2.2% injury,
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respectively (Table 5.1). In 2013, glufosinate caused significantly more injury at 19%
than dicamba PRE followed by dicamba + glyphosate, dicamba alone, and the nontreated
at 10, 8.8, and 2.7% injury, respectively (Table 5.1).
Heights in 2012 were significantly affected by a herbicide-cultivar interaction
(p=0.0006). Glufosinate alone caused a 4 cm decrease in plant height on cultivar
08Y618 when compared to the nontreated check (Data not shown). Dicamba alone and
dicamba PRE followed by dicamba + glyphosate had significantly smaller plants at 52
cm and 54 cm, respectively, than the nontreated at 57 cm within 08Y618 (Data not
shown). When examining COKER BGIII/DGT, dicamba PRE followed by dicamba +
glyphosate had significantly larger plant heights when compared to all other treatments
(Data not shown). Cotton heights in 2013 were significantly affected by herbicide
(p=0.0069) and cultivar (p<0.0001). Application of dicamba alone resulted in
significantly larger plants when compared to glufosinate only treatment, and dicamba
PRE followed by dicamba + glyphosate (Table 5.1). Cotton heights for cultivar 08Y605
were significantly larger at 66 cm than all other cultivars (Table 5.2). Cultivar 08T798
was the shortest cultivar 12 – 14 days after the eight leaf application (Table 5.2).
A herbicide program by cultivar interaction was present for cotton node counts in
2012 after the 8-leaf application (p=0.0103). Glufosinate alone significantly reduced
node counts in cultivar 07W799 from 12 to 11 when compared to all other treatments and
nontreated. In cultivar 09V150, the dicamba alone treatment, significantly reduced nodes
from 13 to 12 when compared to the nontreated check (Data not shown). In 2013, node
counts were not significantly affected by herbicide (p=0.0515) or cultivar (p=0.1225).
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Node counts ranged from 11 to 12 across all herbicide treatments and cultivars (Tables
5.1 & 5.2).
Visual injury ratings after the 12-leaf application were significantly affected by
herbicide only in both 2012 (p<0.0001) and 2013 (p<0.0001). In both 2012 and 2013,
dicamba PRE followed by dicamba + glyphosate followed by dicamba + glufosinate
caused significantly higher injury in both years at 13% and 18%, respectively. In 2012,
glufosinate and dicamba application resulted in 8.5 and 8.2% injury, respectively.
Similar results were observed in 2013; however, glufosinate alone resulted in
significantly higher injury at 8% than dicamba alone at 5.6% (Table 5.1).
Cotton heights in 2012 and 2013 were significantly affected by herbicide and
cultivar after the 12-leaf application (All p=0.0001). In 2012, the nontreated plots had
significantly larger plants at 96 cm when compared to all treatments (Table 5.1). Cultivar
08Y615 and 08Y999 had significantly larger plants than all other cultivars at 98 cm and
97 cm, respectively (Table 5.2). In 2013, the glufosinate alone was the only treatment
that significantly reduced plant heights when compared to the nontreated check (Table
5.1). Cultivars 08Y605 and 08Y573 had significantly larger plant heights than all other
cultivars (Table 5.2). Overall heights in 2012 were larger than in 2013 (Table 5.2).
The total number of cotton nodes was unaffected by herbicide application in 2012
(p=0.4338) and 2013 (p=0.5674) and ranged from 15 – 16 nodes after the 12-leaf
application (Table 5.1). Node counts were significantly affected by cultivar in 2012
(p=0.0042) but not in 2013 (p=0.5646) (Table 5.2). Cultivars 09V150, 07W799, and
COKER BGIII/DGT had the greatest number of total nodes at 17, 16, and 16,
respectively (Table 5.2). Cotton node counts in 2013 ranged from 14 to 17 (Table 5.2).
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Node above white flower (NAWF) counts were unaffected by herbicide
application in either year after the 12-leaf application [(p=0.2897) (2012); p=0.8776)
(2013)] (Table 5.1). Node above white flower counts were significantly affected by
cultivar in 2012 (p<0.0001). In 2012, COKER BGIII/DGT and 07W799 had
significantly lower counts at 5.0 and 5.1 when compared to all other cultivars (Table 5.2).
However, in 2013 neither herbicide nor cultivar (p=0.8833) affected these counts
indicating that all cultivars were maturing at nearly the same rate.
Visual injury ratings collected 25-27 days after the 12-leaf timing were
significantly affected by herbicide (p<0.0001), but not by cultivar (p=0.8710) (Tables
5.1, 5.2). Dicamba PRE followed by dicamba + glyphosate followed by dicamba +
glufosinate had significantly greater visual injury in 2012 and 2013, at 4.6% and 6.3%
respectively. In addition, three applications of glufosinate resulted in similar injury at
4.5% in 2012 (Table 5.1). All other treatments in 2013 resulted in similar levels of visual
injury to the nontreated check (Table 5.1).
Across all timings and ratings dicamba PRE followed by dicamba + glyphosate
followed by dicamba + glufosinate and glufosinate alone three times consistently
provided higher visual injury than dicamba alone. One week after the 12-leaf
application, injury was as high as 18% with dicamba PRE followed by dicamba +
glyphosate followed by dicamba + glufosinate (Table 5.1). However, 25-27 days after
the 12 leaf application, no herbicides had dramatic visual injury and the highest injury
was 6.3% (Table 5.1). Cotton height data in 2012 suggested the nontreated cotton had
statistically larger plants two weeks after the 12-leaf application; however, this difference
was only 3-4 cm. Node counts were not significantly affected by herbicide by the two
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week rating after the 12 leaf application (Table 5.1). Node counts were affected by
cultivar with 07W799 appearing to have some sensitivity to glufosinate in 2012. After
the four leaf application, cotton heights were decreased when compared to the nontreated.
Also, after the eight leaf application, node counts were significantly reduced when
compared to the nontreated check (Data not shown). However, two weeks after the 12
leaf application, no difference in height or node count was observed (Table 5.2). Cotton
heights in 2013 were decreased when compared to 2012 most likely due to different
cultivars and environmental conditions (Table 5.2). However, injury was transient and
by 25-27 days after application injury was minimal indicating tolerance of all cultivars
seems to be good to dicamba, glufosinate, and glyphosate application (Table 5.1, 5.2).
End of the season plant growth and development data was taken just before cotton
was defoliated. End of season cotton heights in 2012 were affected by both herbicide
(p=0.0005) and cultivar (p<0.0001). Application of dicamba PRE followed by dicamba +
glyphosate followed by dicamba + glufosinate and glufosinate alone had significantly
larger plants at 110 cm and 111 cm, respectively when compared to the nontreated check
at 107 cm (Table 5.3). Cultivars 08Y615 and 08Y618 had significantly larger plant
heights than all other cultivars at 116 cm and 113 cm respectively (Table 5.4). COKER
BGIII/DGT had significantly smaller plants than all other cultivars at 100 cm (Table 5.4).
In 2013, cultivar (p<0.0001) had a significant impact on plant height; however, herbicide
program (p=0.8536) did not have an effect on cotton height (Table 5.3, 5.4). Cultivars
08Y605 and 08Y573 had significantly larger plants at 105 cm and 101 cm when
compared to all other treatments. As in 2012, COKER BGIII/DGT had the smallest
heights; however, these were not significantly different than heights of 08T781 or
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08T798 (Table 5.4). This suggests that the COKER BGIII/DGT cultivar is a shorter
growing cultivar.
Total node counts in 2012 were affected by herbicide (p=0.0301) and cultivar
(p<0.0001). Glufosinate alone and dicamba PRE followed by dicamba + glyphosate
followed by dicamba + glufosinate had significantly more nodes at 20 than the nontreated
check did at 19 (Table 5.3). Also, 09V150 had the most nodes at 21 (Table 5.4). Total
nodes were not significantly affected by cultivar (p=0.5565) or herbicide (p=0.5587) in
2013. Total node counts in 2013 ranged from 17 to 18 (Table 5.3 & 5.4). Herbicide did
not affect node of first fruiting branch (FFB) in 2012 (p=0.8171) or 2013 (p=0.3745)
(Table 5.3). However, cultivar did effect the node of FFB in 2012 (p<0.0001) in that
09V150 had a significantly higher fruiting position when compared to all other cultivars.
Node above cracked boll (NACB) counts at the end of the season revealed that in 2012
application of glufosinate alone and of dicamba PRE followed by dicamba + glyphosate
followed by dicamba + glufosinate resulted in more NACB at the end of the season than
the nontreated check (p=0.0048) (Table 5.3). COKER BGIII/DGT had significantly
fewer NACB than all other treatments with the exception of 08Y999 in 2012 (Table 5.4).
NACB was not significantly affected by herbicide or cultivar in 2013 (Table 5.3 & 5.4)
Visual estimations of percent open cotton were also recorded. In 2012 and 2013
cotton cultivar [(p<0.0001) (2012); (p=0.0017) (2013)] and herbicide program
[(p<0.0001) (2012); (p=0.0061) (2013)] both affected percent open bolls. In 2012
application of glufosinate alone and dicamba PRE followed by dicamba + glyphosate
followed by dicamba + glufosinate significantly reduced visual percent open from the
nontreated check (Table 5.3). Cultivar 08Y999 had significantly higher percentage of
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bolls open when compared to all cultivars except for COKER BGIII/DGT (Table 5.4). In
2013, application of glufosinate alone resulted in significantly lower percent of bolls
open at 25% when compared to other treatments and the nontreated check (Table 5.3).
Cultivar 08T798 and 08T781 had the least amount of open bolls in 2013 (Table 5.4).
It was observed in 2012 that there was a preponderance of plants with aborted
terminals (p<0.0001). These aborted terminals resulted in lost apical dominance and in
turn resulted in “crazy cotton”. Cultivar was the only variable that had a significant
impact on this in 2012. Cultivar 08Y615 had 11% of plants with aborted terminals
(Tables 5.3 & 5.4).
In 2012, seed cotton yield was only affected by cultivar (p<0.0001) (Table 5.3 &
5.4). Cultivar 07W799 had significantly higher yields than all other cultivars with 3917
kg/ha seed cotton (Table 5.4). This indicates that early season sensitivity of this cultivar
to glufosinate did not affect yield (Table 5.2 & 5.4). Culpepper et al. (2009) also noted
that cultivars that were resistant to glufosinate showing some injury did not yield less.
Steckel et al. (2007) stated that early season injury is not a good indication of yields on
non-glufosinate resistant cotton. Yield results in 2013 were slightly different than in
2012. Cultivar 07W799 was again one of the top yielding cultivars and had significantly
higher yields than all other cultivars except for 08Y605 (p=0.0011) (Table 5.4).
However, in 2013 application of glufosinate alone significantly reduced yield when
compared to dicamba alone from 3537 kg/ha to 3051 kg/ha (p=0.0457). However,
glufosinate application did not result in yields less than the nontreated check and
following application of dicamba PRE followed by dicamba + glyphosate followed by
dicamba + glufosinate (Table 5.3).
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These data indicate that, overall cultivars have good tolerance to dicamba,
glufosinate, and glyphosate. Cultivar 07W799 proved in both years to be consistently
one of if not the highest yielding cultivars. Cultivars were tolerant to twice the regular
use rates of these herbicides, when applied at normal use rates, injury, growth reductions,
and yield reductions will likely be eliminated or very minimal.
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Herbicide

Glufosinate 3X
Dicamba 3X
Dicamba; Dicamba + Glyphosate;
Dicamba + Glufosinate
Nontreated

7.1 a

2.2 c

55 a

12 a

--

32 a

8.1 a

2.7 d

58 ab

11 a

b

Means within a column are separated based on Fisher’s protected LSD at p≤0.05.
2-5 Days after application; values are expressed in percent.
c
12-14 Days after application; heights are expressed in centimeters.
d
9-11 Days after application; values are expressed in percent.
e
10-15 Days after application; heights are expressed in centimeters.
f
6-10 Days after application; values are expressed in percent.
g
15-17 Days after application; heights are expressed in centimeters.
h
25-27 Days after application; values are express in percent.

a

31 b

2.2 c

96 a

16 a

5.3 a

2.6 b

3.1 d

80 b

15 a

7.1 a

2.1 b

--------------------------------------------------------2013-------------------------------------------------------------------4 Leafa------------ -----------8 Leafa----------- ----------------------12 Leafa---------------------Injuryb Heightc Nodec Injuryd Heighte Nodee Injuryf Heightg Nodeg NAWFg Injuryh
-29 b
8.1 a
19 a
54 c
11 a
8.0 b
74 c
16 a
7.2 a
2.5 b
-32 a
8.4 a
8.8 c
60 a
12 a
5.6 c
84 a
15 a
7.1 a
1.6 b
-32 a
8.4 a
10 b
57 bc
11 a
18 a
78 bc
15 a
7.2 a
6.3 a

2.8 d

--------------------------------------------------------2012------------------------------------------------------------4 Leafa---------8 Leafa--------------------------12 Leafa---------------------Injuryb Heightc Nodec Injuryd Heighte Nodee Injuryf Heightg Nodeg NAWFg Injuryh
10 b
32 a
7.2 a
6.6 ab
54 a
12 a
8.5 b
92 b
16 a
5.3 a
4.5 a
6.9 c
30 b
7.0 a
5.9 b
54 a
12 a
8.2 b
93 b
16 a
5.3 a
3.3 b
13 a
31 b
7.0 a
7.3 a
54 a
12 a
13 a
92 b
16 a
5.4 a
4.6 a

Cotton injury, height, and, node after 4, 8, and 12 leaf applications to Bollgard II® XtendFlex™ cotton.

Glufosinate 3X
Dicamba 3X
Dicamba; Dicamba + Glyphosate;
Dicamba + Glufosinate
Nontreated

Table 5.1
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Cotton injury, height, and, node of Bollgard II® XtendFlex™ cultivars after 4, 8, and 12 leaf applications.

2012 Cultivars ---------------------------------------------------------------2012--------------------------------------------------------------------4 Leafa-----------8 Leafa------------------------12 Leafa-----------------b
c
c
d
e
e
Injury Height
Node
Injury Height
Node
Injuryf Heightg Nodeg NAWFg Injuryh
07W799
7.9 a
32 a
7.5 a
5.5 a
53 cd
12 a
6.7 a
92 bc
16 ab
5.1 b
3.8 a
08Y615
8.2 a
31 a
6.7 b
5.9 a
56 ab
12 b
9.3 a
98 a
16 bc
5.5 a
3.6 a
08Y618
8.5 a
31 a
6.7 b
5.8 a
53 cd
12 b
9.2 a
93 b
15 c
5.4 a
3.8 a
08Y999
7.2 a
31 a
6.7 b
4.4 a
57 a
12 b
7.3 a
97 a
16 b
5.4 a
3.3 a
09V150
8.5 a
30 a
7.3 a
5.3 a
54 bc
12 a
8.4 a
91 c
17 a
5.5 a
3.9 a
COKER
8.3 a
31 a
7.4 a
6.2 a
52 d
12 a
7.4 a
89 d
16 ab
5.0 b
3.9 a
BGIII/DGT
---------------------------------------------------------------2013--------------------------------------------------------------------4 Leafa----------8 Leafa-----------------------12 Leafa-----------------b
c
c
d
e
e
Injury Height
Node
Injury Height
Node
Injuryf Heightg Nodeg NAWFg Injuryh
07W799
-31 b
8.1 b
8.6 a
55 c
11 a
8.0 a
79 b
15 a
7.2 a
3.5 a
08Y605
-35 a
8.1 b
10 a
66 a
12 a
8.6 a
88 a
15 a
7.0 a
2.8 a
08Y573
-31 b
7.6 c
9.6 a
60 b
11 a
9.4 a
85 a
15 a
7.2 a
3.6 a
08T781
-32 b
8.5 ab
11 a
56 bc
12 a
9.7 a
75 bc
17 a
6.9 a
2.8 a
08T798
-29 c
8.6 a
9.3 a
50 d
11 a
7.3 a
72 c
14 a
7.2 a
3.1 a
COKER
-31 b
8.8 a
11 a
56 c
12 a
8.9 a
75 bc
15 a
7.3 a
3.1 a
BGIII/DGT
a
Means within a column are separated based on Fisher’s protected LSD at p≤0.05.
b
2-5 Days after application; values are expressed in percent.
c
12-14 Days after application; heights are expressed in centimeters.
d
9-11 Days after application; values are expressed in percent.
e
10-15 Days after application; heights are expressed in centimeters.
f
6-10 Days after application; values are expressed in percent.
g
15-17 Days after application; heights are expressed in centimeters.
h
25-27 Days after application; values are express in percent.

Table 5.2
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Cotton height, node, node of first fruiting branch (FFB), and node above cracked boll at end of the season (NACB)
after 4, 8, and 12 leaf applications to Bollgard II® XtendFlex™ cotton.

Herbicide

-------------------------------------------------------2012a------------------------------------------------------% Aborted Seed Cotton
b
Height
Node
FFB
NACB
% Open
Plants
Yieldc
Glufosinate 3X
111 a
20 a
5.9 a
5.3 a
56 b
2.0 a
3358 a
Dicamba 3X
106 b
19 b
5.8 a
4.4 bc
61 a
3.0 a
3390 a
Dicamba; Dicamba + Glyphosate;
110 a
20 a
5.8 a
4.9 ab
56 b
2.0 a
3331 a
Dicamba + Glufosinate
Nontreated
107 b
19 b
5.9 a
3.8 c
62 a
2.0 a
3476 a
a
-------------------------------------------------------2013 ------------------------------------------------------% Aborted Seed Cotton
b
Height
Node
FFB
NACB
% Open
Plants
Yieldc
Glufosinate 3X
93 a
18 a
5.6 a
4.9 a
25 b
0.0 a
3051 b
Dicamba 3X
95 a
17 a
5.8 a
4.1 a
34 a
0.5 a
3537 a
Dicamba; Dicamba + Glyphosate;
92 a
17 a
5.4 a
4.6 a
34 a
0.0 a
3261 ab
Dicamba + Glufosinate
Nontreated
94 a
17 a
5.5 a
4.3 a
34 a
0.6 a
3278 ab
a
Means within a column are separated based on Fisher’s protected LSD at p≤0.05.
b
Heights are expressed in centimeters.
c
Yields are expressed in kg/ha

Table 5.3

106

Cotton height, node, node of first fruiting branch (FFB), and node above cracked boll at end of the season (NACB) of
Bollgard II® XtendFlex™ cultivars after 4, 8, and 12 leaf applications.

Cultivars

--------------------------------------------------------------2012a-------------------------------------------------------------% Aborted
Seed Cotton
Heightb
Node
FFB
NACB
% Open
Plants
Yieldc
07W799
106 c
19 bc
5.8 bc
4.9 a
56 c
0.0 b
3917 a
08Y615
116 a
19 bc
6.0 b
5.2 a
55 c
11 a
3378 bc
08Y618
113 a
19 bc
5.8 bc
5.1 a
56 c
<1 b
3189 c
08Y999
106 c
19 c
5.7 c
4.5 ab
64 a
<1 b
3492 b
09V150
107 bc
21 a
6.4 a
4.6 a
59 bc
<1 b
2966 d
COKER BGIII/DGT
100 d
20 b
5.8 bc
3.5 b
63 ab
<1 b
3394 b
a
--------------------------------------------------------------2013 ------------------------------------------------------------% Aborted
Seed Cotton
b
Height
Node
FFB
NACB
% Open
Plants
Yieldc
07W799
93 b
18 a
5.4 a
5.1 a
35 ab
<1 a
3644 a
08Y605
105 a
17 a
5.6 a
4.9 a
37 a
<1 a
3717 a
08Y573
101 a
17 a
5.8 a
4.4 a
31 ab
<1 a
3200 b
08T781
91 bc
17 a
5.8 a
4.6 a
29 bc
<1 a
2964 b
08T798
88 bc
17 a
5.5 a
4.2 a
25 c
<1 a
3102b
COKER BGIII/DGT
87 c
17 a
5.6 a
3.8 a
38 a
<1 a
3065b
a
Means within a column are separated based on Fisher’s protected LSD at p≤0.05.
b
Heights are expressed in centimeters
c
Yields are expressed in kg/ha

Table 5.4
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